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1 Introduction 
 General 
Carbon dioxide (CO2) is the end-product of the combustion of hydrocarbons and 
biomass. The growing CO2 emissions caused by these reactions and their negative 
atmospheric effect as greenhouse gas have led to the consideration of CO2 as a waste 
molecule.[1] For this reason, new solutions for the reduction of greenhouse-gas emissions such 
as the capture and storage of CO2 (CCS) and capture and utilization of CO2 (CCU) have gained 
the attention of scientists, politicians and entrepreneurs in the past few years.[2–9] The 
utilization of CO2 offers a great advantage with respect to the storage: transport costs are 
minimized. CO2 is a non-toxic, renewable, abundant and cheap gas which has fascinating 
physico-chemical properties. These properties make it an attractive option as feedstock for 
chemical production, leading to the introduction of renewable energy into the current chemical 
infrastructure.[10–16] The reduction of CO2 into chemical products such as methanol, methane, 
formic acid or syngas and the integration of renewable energy in the chemical production 
chain would contribute to a reduction of the massive use of fossil fuels, leading to the 
consideration of CO2 as a potential vector molecule. 
One of the most important targets in the generation of chemicals from CO2 as a C1-
carbon source is the development of suitable ecological and economical processes which can 
compete with the current production technologies. The high stability of CO2 requires 
considerable amounts of energy to capture and activate the molecule.[5,8,17] In order to create 
benefits from CO2 capture and its efficient chemical conversion, innovative pathways and 
products based on CO2 have to be identified. For this propose, new catalysts must be also 
synthesized to enable, accelerate and control all these reactions,[13] and energetic constraints 
should be addressed in order to evaluate whether a proposed transformation leads to a net 
reduction of the CO2 footprint.[18] 
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 CO2 availability and sustainability 
aspects 
The conversion of CO2 into useful compounds has been intensively investigated for 
several reasons. On the one hand, its participation in the photosynthesis as a synthetic building 
block has attracted the interest of visionary researchers[19–21] and, on the other hand, its 
position as one of the greenhouse gases responsible for the climate change has worried not 
only the scientific community, but also politicians, entrepreneurs and the general public.[1,6]  
Fossil fuel combustion is responsible for more than 75 % of the anthropogenic CO2 
emissions, being deforestation and chemical processing responsible for the rest.[4] CO2 
concentrations in the atmosphere have increased by about 100 ppm since the pre-industrial 
level, reaching 384 ppm in 2007.[1] The annual CO2 emissions have risen by 75 % from 1970 
until now. Furthermore, recent publications forecast that the global primary energy demand 
will rise by more than 34 % during the period between 2011 and 2035, leading to a 20 % 
increase in global CO2 emissions related to energy.[13] In addition, fossil fuels will still remain 
the dominant source of energy worldwide, meeting 76 % of the increase in energy demand by 
2035.[4,22] These data give an idea of the necessity to develop new techniques which enable 
the recovery and reuse of CO2 in the production of fuels and chemicals, generating alternative 
methods to produce energy by the combination of fossil fuels and renewable resources. CO2 
recycling can open new paths towards more sustainable chemical processes, helping to 
regulate not only the production of energy, but also to minimize the emissions issue. 
New technologies such as CCS and CCU have been developed and implemented 
worldwide in order to contribute to the reduction of CO2 emissions.[5] These processes are 
generally based on capture and compression from combustion exhaust,[3] transportation 
(usually via pipeline)[5] and utilization (chemical production, underground storage, food and 
beverage industry, enhanced oil recovery, dry ice production…).[4] 
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The most widespread technique for the separation of CO2 from gas streams is based 
on the use of aqueous amine solutions and the subsequent CO2-release at elevated 
temperatures.[23–25] Moreover, different techniques, such as the separation of CO2 from gas 
streams with membranes and solid adsorbents using pressure or temperature swing adsorption 
have been evaluated, leading to an increasing availability of large quantities at satisfactory 
purities of this feedstock.[5,10] In the ammonia synthesis, around 120 million tons per year of 
pure CO2 are separated as a by-product during the production of H2/N2, but it can also be 
produced in lower quantities during the production of ethylene oxide, the cleaning of natural 
gas or in fermentation processes.[26]  Some of these CO2 sources are coupled directly to further 
applications, for example, CO2 produced in ammonia plants is used for the generation of urea, 
and the CO2 from fermentation in the beverage industry.  
The capture of CO2 from power plant flue gases presents several challenges that 
should be overcome. First of all, the impurities contained in the flue gas stream force the 
purification of CO2 before it can be further utilized. Secondly, the quantities of CO2 formed 
during fossil fuel combustion are sometimes too large to be handled. Common impurities in 
the flue gases are O2, N2, H2O, NOx, SOx, H2S, CO, particulate matter, heavy metals and 
hydrocarbons.[3,10] The purity of CO2 is conditioned by the planned use of the gas. When CO2 
is utilized in food and beverage products or in the pharmaceutical industry, very high qualities 
are necessary to fulfill the regulations. Furthermore, when CO2 is used as a carbon source in 
chemical synthesis, some of these impurities could act as a catalyst or as product poisons. For 
all these reasons, the purification of the CO2 stream becomes an important issue that also 
entails additional costs.[10] 
The generation of chemicals from CO2 as a C1-carbon source opens a new strategy 
for CO2 recycling, but the sustainability of these processes should also be evaluated. Three 
main criteria have to be considered: a) the amount of CO2 fixed in material by which the 
overall energy and CO2 balance are taken into account, b) the period for which the CO2 is 
retained in the product, and c) the generation of value by exploiting the waste material (Figure 
1.2-1).[5,10]  
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The amount of CO2 used in the synthesis of a determined product depends on the 
quantity of the product formed and the chemical stoichiometry. However, the calculation of 
the complete energy and CO2 balances for processes and product is very demanding and 
sometimes becomes a limiting factor. The type of energy and its possible integration in the 
process, as well as all the reactants and conversion steps, must be taken into account. The 
acquisition of all the necessary data is frequently a great challenge and complicates the 
calculations. The period of CO2 fixation depends on the molecular stability of the product and 
also on its later application. This can sometimes lead to a compromise between the amount of 
CO2 incorporated initially and how long it can take until it will be released again into the 
environment. The third target, the value generated by a certain product, is defined by its 
position on the market, depending basically on the sectors of the chemical industry. CO2 is a 
cheap raw material and its use as feedstock could lead to economical and ecological benefits, 
but sustainability, investment and the analysis of operating costs must also be considered in 
the utilization of CO2. This study is known as life cycle assessment (LCA), and it is used to 
evaluate the CO2-balance (used and released) in a process.[5,10,21] Recently, Bardow and co-
workers published several LCA of CO2 capture and utilization.[27,28] From these studies they 
concluded that “the challenge of CO2 capture and utilization is not the risk of emitting more 
CO2 than the amount actually recycled. The real challenge is to enable the use of low-
greenhouse gas-emission energies and feedstock, including the feedstock CO2”. However, 
with regard to their investigations, the capture and utilization of CO2 could help in many cases 
to minimize the greenhouse gas emissions, in contrast to the current methods. 
CO2 
       Amount of CO2 fixed in material 
 
Generation of value 
Duration of fixation 
Figure 1.2-1: Criteria to evaluate the utilization of CO2 as raw material (adapted from Peters [10]) 
5 
 
 
 Properties and uses of CO2 
CO2 is a renewable, non-toxic and cheap gas found in the Earth´s atmosphere. It 
plays an important role in many biological processes such as the photosynthesis.[1,19] CO2 is 
also an attractive, environmentally friendly feedstock and can be used as a C1- building block, 
which could lead to the replacement of phosgene or carbon monoxide in some industrial 
processes.[15,29] CO2 has a slightly irritating odor, is colorless and also denser than the air. At 
normal temperature and pressure, it behaves like a gas, but its physical state changes according 
to the conditions applied (Figure 1. 3-1).[5] 
 
 
 
 
 
 
 
 
 
 
 
At temperatures higher than 31.1 °C and pressures above 73.9 bar (critical point), 
CO2 reaches its supercritical state, where it behaves like a gas but appears like a liquid, 
approaching or even exceeding the density of water. CO2, due to its fascinating physico-
chemical properties and its high miscibility rates at a supercritical state, can also be used as a 
benign solvent for synthetic processes.[30] The absence of a boundary between the liquid and 
the gaseous phase facilitates the mass transfer, enhancing the reaction rates. scCO2 can be 
used as both reactant and solvent, leading to great developments in recent years.[31–34] 
Figure 1.3-1: Pressure-temperature phase diagram for CO2 (Copyright © 1999 ChemicaLogic Corporation)[5] 
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CO2 is the most oxidized state of carbon and has an extremely low energy level 
(ΔGf˚=-396 kJ/mol).[35] This is the reason why just a few processes use CO2 as a raw material. 
A large energy input is necessary in order to convert CO2 into other chemicals. For this reason, 
the use of high-energy starting materials such as hydrogen, unsaturated compounds, small-
membered ring compounds and organometallics are usually required to activate the CO2 
molecule, and sometimes, to promote the reaction, it is even necessary to remove a compound 
to shift the equilibrium to the products´ side. Moreover, the supply of physical energy such as 
light or electricity or the use of low-energy synthetic targets such as organic carbonates can 
also contribute to the effectiveness of the reaction.[15] 
CO2 can react with basic compounds such as amines, to form carbamic salts, or with 
water to form carbonic acid, which dissociates further to form bicarbonate and carbonate ions, 
depending principally on the pH of the solution.[36–38] The solubility of CO2 in water increases 
with decreasing temperature and increasing pressure. In contrast to this, carbonate salts are 
more soluble in water at high temperatures. CO2 can also react with hydrogen, alcohols, 
acetals, epoxides and oxetanes, but normally these reactions are only successful in the 
presence of a catalyst (Figure 1.3-2).[15] 
The effective utilization of CO2 can follow two different routes: one is based on the 
formation of C-CO2, N-CO2 or O-CO2 bonds[39–42], while the other implies its conversion to 
other C1 molecules, such as CO, HCOOH, CH3OH or CH4.[43,44] The reactivity of CO2 
towards nucleophiles makes the incorporation of this molecule possible, leading to the 
formation of a carbon-element bond between the carbon atom of CO2 and the substrate. The 
use of a metal catalyst can promote the incorporation of CO2 into certain substances, forming 
metal-oxygen bonds and stabilizing carbamic anions as it occurs when CO2 is coupled with 
olefins or organometallic compounds or in N-CO2 adducts.[45] On the other hand, the reduction 
of CO2 takes place when high energy reductants (metal hydrides or hydrogen) or external 
energy sources (electrochemical potential or light) are used, and normally requires the 
presence of transition metal complexes, which act as hydride or electron transfer agents.[8,10] 
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Figure 1.3-2: Possible organic synthesis starting from CO2 (reprinted with permission from Chemical Reviews 
2007, 107, 2365-2387. Copyright 2007, American Chemical Society)[15] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since the second half of the 19th century, CO2 has been used for the industrial 
synthesis of organic compounds such as urea,[46] salicylic acid,[47] and cyclic carbonates,[48,49] 
as well as for inorganic compounds such as carbonates and bicarbonates.[50] Recently, its use 
has been extended to new applications as a fluid in dry-cleaning, refrigerators, air 
conditioners, fire-extinguishers, separation techniques, water treatment and the food or agro-
chemical industry.[4,17]  
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scCO2, as mentioned before, is also used as a solvent for reactions, nano-particle or 
composite production, and polymer-modification. The highest amount of CO2 converted into 
a chemical is consumed in the production of urea (150 Mt/year), followed by the synthesis of 
inorganic carbonates and pigments (30 Mt/year). Lower quantities of CO2 are used in the 
synthesis of methanol (6 Mt/year), salicylic acid (20 kt/year) and propylene carbonate (few 
kt/year). Although CO2 is not converted, about 18 Mt CO2/year are used as a technological 
fluid, being recovered after utilization.[10,17] 
Urea, the largest industrial scale-manufactured product from CO2, is synthetized 
from CO2 and ammonia under high pressure (30 bar) and high temperature (135 °C) in the 
absence of a catalyst (Eq. 1.3-1).[51] This process does not require a high quality CO2 feed and 
usually takes place after the production of hydrogen via synthesis gas, where large amounts 
of CO2 are also released.[52] Depending on the urea applications, the grade of purity will 
change. For example, if urea is used in resins, there is no need for special requirements, but if 
it is utilized as a fertilizer, the heavy-metal impurities must be avoided. When urea is applied 
in the production of cosmetics, high purities are mandatory.[10,52] 
 
 
 
A new field that has been extensively investigated in the past few years is the 
conversion of CO2 into monomers that can serve as building blocks for valuable 
polymers.[1,12,53–56] In industrially viable processes, CO2 can react with energy-rich strained 
rings, such as epoxides, to produce cyclic carbonates (Eq. 1.3-2).  
 
 
 
 
 
 
 
 
 
Eq. 1.3-2 
Eq. 1.3-1 
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Ethylene and propylene carbonate are used principally as green solvents for 
degreasing oily steel, paint stripping and various other cleaning applications, but they can also 
be directly polymerized by the ring opening.[10,35,49] Moreover polycyclic carbonates can be 
coupled with polyamines to produce polyurethanes without using toxic isocyanates, as in 
conventional processes (Eq. 1.3-3).[10,12,55,57] 
 
 
 
 
 
Polyurethanes have a multiple range of applications; they can be used as low-
density foam (rigid or flexible), as soft solid elastomers, as low density elastomers, as hard 
solid plastics or even as flexible plastics, therefore, finding green procedures to generate these 
compounds has become an important goal. These polyurethanes, synthesized without 
isocyanates, are marketed by Nanotech Industries under the trade name of green 
PolyurethaneTM. Besides the safety and health benefits, these polyurethanes exhibit zero 
emission of volatile organic compounds and are claimed to be thermally stable and solvent-
resistant, which makes them potential candidates to replace the conventional polyurethanes.[55] 
A different way to produce polyurethanes from CO2 is currently being investigated 
by Bayer Technologies Service and Bayer Material Science. Their work focuses on the 
catalytic synthesis of polyether polycarbonate polyols (PPP) from CO2 and epoxides using a 
double metal cyanide (DMC) as a catalyst and an alcohol as a starter (Eq. 1.3-4). PPP can 
react with isocyanates and serve as raw materials in the production of polyurethanes, 
contributing to the utilization of CO2 as a C1 building block.[12] 
  
 
 
 
 
 
 
Eq. 1.3-3 
Eq. 1.3-4 
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 Interaction between CO2 and primary 
amines 
CO2 can be incorporated into certain substances by coupling CO2 with nucleophilic 
substrates. One of the most common incorporation reactions involves the interaction of an 
amine with CO2. Amines (primary or secondary) can react spontaneously with CO2 to form 
carbamic salts (Eq. 1.4-1) or, in the presence of a catalyst at high temperatures, to produce 
isocyanates or urea derivatives (Eq. 1.4-2 – 1.4-3). As described in Chapter 1.3, urea is already 
produced on an industrial scale from CO2 as the source of carbon, but many urea derivatives 
are still commercially produced with phosgene or CO.[10,58]  
 
 
  
 
 
Urea derivatives, together with isocyanates, represent an important class of 
carbonyl compounds that could be synthesized from amines and CO2. These substances find 
uses in both organic synthesis and industry, participating in the synthesis of fertilizers, 
pesticides, plasticizers, stabilizers and polymers.[1] Phosgenation processes are currently 
carried out to generate these kinds of compounds, causing many serious toxicological and 
environmental problems.[29,58] These phosgene-processes were implemented in the 19th 
century[59] when the main industrial goal was to reach high levels of production. New 
processes must be developed in order to replace the current techniques.  
 
Eq. 1.4-1 
Eq. 1.4-2 
 
Eq. 1.4-3 
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As shown in Figure 1.4-1, carbamic salts, isocyanates and urea derivatives are 
related compounds. Thermal decomposition of carbamic salts leads to isocyanates or urea 
derivatives. Isocyanates can also react with amines (or alcohols) in the presence of a transition 
metal catalyst, to produce urea derivatives and carbamic salts (or urethanes).[60]  
 
 
 
 
 
The chemistry between CO2 and primary or secondary amines is basically an acid-
base equilibrium, where two molecules of the amine react with one gas molecule to form a 
carbamic salt via the formation of the corresponding carbamic acid.[60] Carbamic salts are very 
unstable and can decompose easily, releasing CO2. However, at elevated temperatures (200 °) 
and high pressures (100 bar), they can be further transformed into urea derivatives or 
isocyanates. When isocyanates are the desired products, besides the drastic conditions, a 
stoichiometric amount of a different base is also added to avoid the formation of urea (Figure 
1.4-2). Furthermore, the generation of water, as a by-product, leads to some equilibrium 
limitations, making necessary the use of a stoichiometric amount of a dehydrating agent.[61,62]  
 
 
 
  
 
Figure 1.4-1: Reversible chemistry between carbamic salts, isocyanates and urea derivatives 
Figure 1.4-2: Possible reaction mechanism for the synthesis of isocyanate or urea from CO2 via formation of 
carbamic salt as intermediate 
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Urethanes can also be synthesized from amines and CO2, using alcohols or alkyl 
halides as the electrophilic alkyl source (Eq. 1.4-4).[61,63–65]  
 
 
 
This reaction is usually carried out in the presence of a homogeneous catalyst (Sn, 
Ni, Cs, K, Rb) and under very high CO2 pressures (30 MPa CO2). In contrast, the formation 
of carbamic salts from amines and CO2 occurs spontaneously at room temperature and 
atmospheric pressure, providing the energy necessary for the subsequent reaction to 
isocyanates or ureas.[61] This fact, together with the tendency of carbamic species to form 
isocyanates and ureas via dealcoholysis,[66]  dehydration[67] and thermal decomposition[68–71] 
has led several researchers to consider the possibility of utilizing these species as 
intermediates.[64,72] 
Some researchers have been able to generate isocyanates from CO2 and amines in 
high yields; but the use of toxic dehydrating agents has led to an elevated amount of undesired 
salts and bases. In addition, the lack of an effective method to recycle the dehydrating agent 
has made the process unsuitable on an industrial scale. In contrast, several methods for the 
generation of urea derivatives have been developed in the past few years. They are usually 
based on the utilization of Ru- or Cs-based catalysts. Recently new processes in the absence 
of a catalyst have been also reported,[73,74] opening a new route with a great potential for 
industrial applications. 
 
 
 
 
Eq. 1.4-4 
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 Reduction of CO2 
CO, CH4, formic acid, methanol or formaldehyde are some of the products that can 
be formed by electrochemical conversion of CO2. This gas can be reduced by noble-metal 
cathodes, but normally a homogeneous catalyst or an additional molecule (e.g. amine, alcohol 
or sulphite) is necessary to overcome the large overpotentials needed for a proper electron 
transfer. As shown in Equations 1.5-1- 1.5-4, the higher the number of electrons, the more 
energetically favored is the reduction.[75,76] 
 
  
 
CO, methanol or formate can also be generated by photochemical reduction of CO2. 
Usually this reaction takes place in the presence of a photocatalyst and is coupled to water 
splitting, avoiding the use of an additional molecule as an electron donor. This process consists 
of the use of semiconductors to absorb light and to produce electrons which are able to reduce 
CO2 and to oxidize the water. However, the photocatalytic reduction of CO2 has two important 
drawbacks: sunlight must be always be available, and O2 (oxidized form of water) has to be 
efficiently produced and separated from the products.[35,77,78] 
CO2 can be coupled with H2 for the production of valuable chemicals and fuels[43] 
such as CO (Eq. 1.5-5),[79] methane (Eq. 1.5-6),[80]  methanol (Eq. 1.5-7)[81] and formic acid 
(Eq. 1.5-8).[82] In addition, some of these compounds are being considered as H2 storage 
materials, facilitating its problematic storage and transport.  
  
 
 
 
Eq. 1.5-6 
 
Eq. 1.5-8 
 
Eq. 1.5-7 
 
Eq. 1.5-5 
 
 
 
 
Eq. 1.5-3 
 
Eq. 1.5-4 
 
Eq. 1.5-2 
 
Eq. 1.5-1 
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The production and storage of H2 still remain one of the main green chemical issues 
to be solved. H2 is chiefly produced from fossil carbon via methane steam reforming and water 
gas reaction (Eq. 1.5-9 – 1.5-10).[83,84] 
  
 
The reforming reaction is strongly endothermic and must be carried out at a high 
temperature (700°C - 1200°C). Therefore, new sources and procedures to generate H2 from 
renewable sources are investigated nowadays.[9,84] These researches include the water 
electrolysis or its photocatalytic splitting, where perennial primary energy sources (e.g. solar 
light) could be used to produce H2, contributing to the replacement of fossil resources with 
non-fossil ones.[13,35] 
Despite the attractiveness of these techniques, where CO2 acts as an energy vector, 
new catalytic methods have to be developed in order to guarantee the effectiveness of the 
process. Some of these methods are based on catalytic hydrogenation processes. Among them, 
the hydrogenation of CO2 to methanol or formic acid offers several advantages over other 
products: they are liquid at room temperature, they can be easily transported and stored, they 
can be used as energy vectors and chemicals, and they have long CO2 fixation periods.  
Nowadays, methanol is produced from syngas, using a Cu-ZnO heterogeneous 
catalyst at elevated temperatures (250 - 300°C) and pressures (50-100 bar).[61] CO2 is more 
reactive than CO on the surface of the industrially used catalyst, therefore it is also added to 
syngas (up to 30 % of total C), improving the rate of reaction and the balance H/C to the 
desired stoichiometry (Eq. 1.5-11 – 1-5.12).[86–88] 
 
 
The hydrogenation of CO2 to methanol with a heterogeneous catalyst has been 
successfully investigated.[85,89,90] However, the use of a homogeneous catalyst is still a field 
being studied. In fact, the first homogeneous catalytic process was recently reported by the 
group of Milstein, where organic carbonates, carbamates and formates were hydrogenated to 
methanol.[91,92] Further investigations in this field led Huff and Sanford to develop a process 
where methanol was synthesized from CO2 in a cascade reaction with formic acid and methyl 
 
Eq. 1.5-10 
 
Eq. 1.5-9 
 
Eq. 1.5-11 
 
Eq. 1.5-12 
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formate as intermediates using a different homogeneous catalyst.[93] In 2012, Wesselbaum et 
al. published an alternative method for the generation of methanol using a homogeneous 
transition-metal catalyst system based on a single ruthenium complex with the tridentate 
ligand Triphos (Triphos = 1,1,1,-tris(diphenylphosphinomethyl)ethane).[85] 
In the past few years, many efforts have been made towards improving the catalytic 
hydrogenation of CO2 to formic acid and its derivatives. Efforts were made to develop both 
an active catalyst and an efficient process for the product isolation.[44,82,94] The importance of 
this reaction lies in two different concepts: the use of carbon dioxide as a C1-building block 
and the production of specific compounds that could be used as chemical products as well as 
CO or H2 storage materials. Formic acid is currently produced using CO as a carbon source. 
Methanol is coupled with CO to form methyl formate and later it is transformed into formic 
acid via hydrolysis, generating also methanol as product, which is recycled to the first step 
(Eq. 1.5-13 – 1.5-14).[82] Also formic acid derivatives, such as ammonium formates, 
formamides or alkyl formates, are used in many applications as raw materials, intermediates 
or solvents in the chemical industry.[43] 
 
 
 
Under standard conditions, the reaction between gaseous H2 and CO2 is exothermic 
(ΔH0298K = -31.2 kJ/mol), but strongly endergonic (ΔH0298K = + 32.8 kJ/mol) and the addition 
of a base to favor the thermodynamics and to stabilize the product becomes essential.[82,95] 
The homogeneous catalytic hydrogenation of CO2 to formic acid has been studied since the 
mid-1970s.[96] Complexes of raw metals of groups 8 to 10 in the periodic table have been 
tested in combination with halides, hydrides or phosphines as ligands, achieving great results 
in terms of activity.[44,82,97] Nevertheless, the crucial step towards an application of such 
systems – namely the separation of the product from the homogeneous catalyst and the catalyst 
recycling – has scarcely been investigated.[98–100] 
 
 
Eq. 1.5-14 
 
Eq. 1.5-13 
 
16 
 
 
 Aim of the thesis 
CO2, due to its natural abundance, physico-chemical properties and non-toxicity, 
bears great potential as a source of carbon and as an energy vector. The aim of this research 
is to study the chemistry between amines and CO2 and to get some insight into control factors 
that influence the pathways and products. Starting from basic reactions such as the formation 
of carbamate salts, the challenge of the investigation will be progressively increased in order 
to gain knowledge and understand the interaction between CO2 and different amines to 
produce valuable chemicals. The work presented here is divided into two chapters: the first 
one is based on the incorporation of CO2 in primary amines towards carbamic salts, 
isocyanates and urea derivatives, and the second one describes different catalytic processes 
for the hydrogenation of CO2 to formic acid (-derivatives) in the presence of secondary or 
tertiary amines, principally.  
Chapter 2 outlines how the nucleophilic character of the primary amines leads to 
the formation of a carbon-element bond between the carbon atom of CO2 and the amine, 
building carbamates, isocyanates or urea (derivatives). The formation and the properties of 
different carbamic salts and the effect of the addition on an extra base to the reaction with the 
primary amine are examined. In addition, the reactivity of these species and their behavior as 
intermediates are investigated. Previous publications, where carbamic salts were transformed 
into isocyanates using PCl3 as a dehydrating agent, are set as the starting point. Here, diverse 
dehydrating compounds, solvents and catalyst are tested. Moreover, the reaction conditions 
are also modified in order to optimize the reaction and reach high conversions and selectivities 
towards the desired products.  
Chapter 3 is based on the design and optimization of a catalytic system for the 
hydrogenation of CO2 to formic acid derivatives and their subsequent isolation. Previous 
results obtained by our group in the continuous hydrogenation of CO2 using a biphasic system, 
led us to investigate further on this topic. Our biphasic system is based on the immobilization 
of the catalyst in an amino-functionalized ionic liquid and the continuous separation of the 
product by solution in scCO2.  
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In this research, secondary amines are used as bases in the production of 
formamides and formic acid adducts, but also the effect of tertiary and alcohol amines among 
other bases is investigated. Formamides are highly soluble in scCO2, but formic acid adducts 
cannot be separated using this solvent. Therefore, an alternative biphasic system with a 
different solvent has to be developed. The most widespread technique for the separation of 
CO2 from gas streams is based on the use of aqueous amine solutions. For this reason, water 
is tested as a mobile phase in the presence of several amines (dimethyl-, diethyl-, diisopropyl- 
and triethylamine) and two different stationary phases (an ionic liquid and an alcohol).  
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2 CO2-carbonylation of primary 
amines: Phosgene free synthesis of 
carbamates, isocyanates and ureas 
 Introduction 
2.1.1 General 
 
As mentioned in Chapter 1, carbamates, urea derivatives and isocyanates represent 
important classes of nitrogen-containing industrial products. They participate in the synthesis 
of fertilizers, pesticides, plasticizers, stabilizers, polymers and pharmaceuticals and serve, as 
well, as intermediates in the production of each other.[74,101] Typically, primary amines are 
used as raw materials in the synthesis of these chemicals. So far, isocyanates could not be 
formed with secondary or tertiary amines; moreover, some investigations have demonstrated 
that carbamates from primary amines could be more easily dehydrated to urea derivatives than 
carbamates of secondary amines.[41,62] 
Nowadays, the industrial production of these compounds involves the use of 
phosgene, a very poisonous chemical compound used in organic chemistry, as a source of 
carbon. Phosgene is produced in a range of 6-8 megaton/year worldwide, from which around 
85% is used in the synthesis of the products mentioned above.[29] As cited by Sartori[58], the 
production and use of this compound causes many serious toxicological and environmental 
problems, which are related to the use and storage of a great amount of waste contaminated 
by chlorine by-products.[33,102–104] For these reasons, many efforts have been made towards 
developing various phosgene-free methods to synthesize these compounds. 
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2.1.2 Synthesis of carbamic acid derivatives  
 
Compounds derived from carbamic acid, also known as carbamates, are important 
raw materials in the synthesis of foams, coatings, adhesives, plastics and fibers.[105–108] In 
addition, they have multiple applications as protecting groups for amine functions in amino 
acids and peptide chemistry, and also in agricultural and biological chemistry.[109,110] 
The chemistry between CO2 and amines is an acid-base equilibrium, where two 
molecules of amine react with one gas molecule to form a carbamic salt by the formation of 
the corresponding carbamic acid.[60] These species are very unstable and they can decompose 
easily, releasing CO2 (Eq. 2.1-1). Their formation proceeds only with aliphatic amines due to 
the low basicity of the aromatic ones.[1] 
 
 
More stable carbamic acid derivatives are the carbamate esters. Currently, 
commercial processes to produce these compounds are based on reactions with phosgene: the 
aminolysis of chloroformates (Eq. 2.1-2) and the alcoholysis of isocyanates (Eq. 2.1-
3).[103,111,112] 
 
 
 
 
Alternative non-phosgene routes, such as the oxidative and the reductive 
carbonylation of nitro compounds using carbon monoxide (CO) as a source of carbon and 
several metal catalysts from the groups 7-11, have been extensively investigated for the 
synthesis of carbamate esters (Eq. 2.1-4 - 2.1-5).[69,107]  
 
 
 
 
Eq. 2.1-3 
Eq. 2.1-1 
Eq. 2.1-2 
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Despite the effectiveness of these procedures, they are industrially unfavorable: the 
oxidative carbonylation route requires the manipulation of hazardous mixtures, such as CO + 
O2 under severe conditions (50-400 bar; 170 °C) and the reductive carbonylation is not viable, 
since just one third of the CO is effectively used, while the remaining CO is converted into 
CO2, causing higher operation costs due to its necessary separation from the product.  
In order to avoid the use of phosgene or CO to generate these species, it became 
attractive to find alternative methods to use CO2 as a carbon feedstock. The reaction of amines 
and CO2 to generate carbamic esters has been thoroughly investigated. One of the best-studied 
processes involves the use of alkyl halides as an electrophilic alkyl source [104,113–116], but the 
formation of by-products which contain halogen makes this process unfavorable (Eq. 2.1-6). 
 
 
Alcohols can also be used as alkyl sources for the synthesis of the carbamates 
mentioned above. The route with alcohols is usually carried out in the presence of 
homogeneous catalysts (Sn, Ni, Cs, K, Rb) and very high CO2 pressures (30 MPa CO2) (Eq. 
2.1-7).[61,65,117,118] However, an important factor to overcome in this reaction is the production 
of water because this disturbs the equilibrium. For this reason, the utilization of a dehydrating 
agent becomes crucial. 
 
 
The tendency of carbamate species to form isocyanates and ureas via dealcoholysis, 
dehydration and thermal decomposition[66,67,119] leads one to consider the possibility of 
utilizing these species as intermediates in the production of these valuable compounds.[64,67,72] 
Eq. 2.1-6 
Eq. 2.1-4 
Eq. 2.1-5 
Eq. 2.1-7 
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2.1.3 Synthesis of isocyanates 
 
In 2000, the global market for diisocyanates was 4.4 million tonnes, from which 
methylenediphenyl isocyanate (MDI) and toluene diisocyanate (TDI) comprise about 95 %.[1] 
These species are generally used in the production of polymers, especially polyurethanes and 
polyureas (Figure 2.1-1), which are very important raw materials in the manufacture of 
flexible and rigid foams, adhesives, elastomers and coatings. Moreover, they can be used as 
precursors in the synthesis of plant protection agents.[31,36]  
 
 
 
 
 
 
 
 
 
  
Isocyanates can be generated via different routes, e.g. the thermal cracking of 
urethanes[68] or the reaction of N-alkylcarbamate esters with BCl3,[69] but nearly the entire 
isocyanate production is based on phosgene processes. This consists of the reaction of both 
aliphatic and aromatic primary amines with phosgene at high temperature (typically > 180 °C) 
(Eq. 2.1-8).[102,104,107]  
 
 
 
 
 
Figure 2.1-1: Synthesis of polyurethane and polyurea from di-isocyanate 
Eq. 2.1-8 
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As already explained, this route involves several environmental and safety 
drawbacks. Apart from the high toxicity of phosgene, the reaction counts with a number of 
serious drawbacks, such as the formation of the corrosive HCl as a by-product and the lack of 
a proper system to remove hydrolysable chlorine containing compounds. These are the 
reasons why there are increasingly efforts to develop new methods in order to synthesize 
isocyanates while avoiding the use of phosgene. In the 1960s, Hardy and Benett published the 
first the synthesis of isocyanates from aromatic nitro compounds and CO,[107] but the use of 
poisonous CO does not offer a greener alternative.    
Several methods to generate isocyanates from carbamate esters have been studied 
in the past few decades.[66,69,70,121–123] As mentioned in Chapter 2.1.2, carbamate esters can be 
dealcoholized at a high temperature using a promoter such as a boron compound (boron halide 
or chlorocatecholborane) combined with triethylamine[70], a silane species[71] or a smectite 
clay montmorillonite K-10[66] (Eq. 2.1-9).  
 
 
 
Despite the effectiveness of this transformation, this process requires a completely 
isolated carbamate ester as an intermediate to avoid the decomposition of isocyanate or its 
further reaction to urea. As described in Chapter 2.1.2, the generation of the carbamate esters 
from CO2 is accompanied by the release of water or amine, depending on the route chosen. 
For this reason, the formation of a carbamic salt instead of the pure carbamic ester is, in some 
cases, more desired.[64,67]  
The number of publications concerning the production of isocyanates by the 
reaction of CO2 with amines is still very limited. Jackson and his co-workers[72] prepared 
isocyanates from primary aliphatic amines and carbon dioxide, using a Mitsunobu zwitterion 
generated from diisopropyl azodicarboxylate (DIAD) or di-tert-butyl azodicarboxylate and 
triphenylphosphite or tri-n-butylphosphine at low temperatures (around –20 °C). The 
synthesis is first carried out at -78 °C and then allowed to warm to an ambient temperature 
overnight (Eq. 2.1-10 - 2.1-11). 
 
 
Eq. 2.1-9 
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McGhee and his co-workers[64,67] generated isocyanates by means of a combination 
of a primary amine with two equivalents of a tertiary amine organic base (usually 
triethylamine or guanidine compounds), CO2 and an equimolar amount of an electrophilic 
dehydrating agent (EX = PCl3, SOCl2, POCl3, SO3, P4O10) at very mild conditions (0-80 °C, 
1-10 bar) with conversion > 99 % (Eq. 2.1-12 - 2.1-13). 
 
 
 
 
 
Even though these reaction methods are very complex for industrial applications, 
the idea of a carbamate salt as an intermediate offers a great advantage concerning the 
thermodynamics. The spontaneous reaction of primary amines and CO2 to form the 
corresponding salt facilitates the subsequent reaction to isocyanates (indirect carbonylation). 
In contrast, the direct conversion of CO2 to isocyanates is strongly endothermic (ΔHR= + 58 
kJ/mol and ΔGR= + 51 kJ/mol1) and the equilibrium shifts to the reactant´s side whenever 
water is present in the reaction medium. Furthermore, the lack of a proper catalyst for this 
reaction and the high reactivity of the isocyanate towards several products such as urea, 
isocyanurate and carboiimides, make the process very challenging (Figure 2.1-2). 
 
 
 
 
 
                                                          
1
 Calculated using the CBS-QB3 method by Dr. Markus Hölscher, RWTH Aachen, 2010 
Eq. 2.1-10 
 
Eq. 2.1-11 
Eq. 2.1-12 
Eq. 2.1-13 
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2.1.4 Synthesis of urea derivatives 
 
Urea derivatives are important chemicals with a wide variety of uses, such as the 
synthesis of pharmaceuticals, agricultural chemicals and dyes as well as antioxidants in 
gasoline and additives in plastics, corrosion inhibitors and intermediates for the production of 
carbamates and isocyanates.[58] 
These compounds have been traditionally prepared along two different routes using 
phosgene as a reactant: direct (reaction of amines with phosgene to the desired urea) or indirect 
synthesis (addition of amines to isocyanates) (Figure 2.1-3).[58] 
 
 
 
 
 
 
 
R-NHCOO BaseHR-NH2 + Base + CO2
+ R-NH2
R-N=C=O + Base + H2O
H
N C
H
N RR
O
+ Base + H2O
N
N
N
O
OO
- 2 CO2
R N C N R
+ R-NH2
Figure 2.1-2: Reaction pathway of a primary amine and CO2 in presence of an extra base to isocyanate and 
urea including the possible side reactions 
Figure 2.1-3: Synthesis of urea derivatives: direct (a) and indirect (b) method 
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A different non-phosgenation process to generate urea derivatives consists of the 
reaction of amines with CO in the presence of base catalysts such as tert-amines.[124] The yield 
of urea increases in the presence of an excess of sulfur, which leads to the formation of 
hydrogen sulfide as a by-product, raising the cost of the process due to its toxicity and special 
handling of disposal. Alternative reductive carbonylation methods replace sulfur for selenium, 
which is also a toxic compound.[125] 
In order to avoid the use and production of hazardous and toxic materials, 
alternative processes for the production of urea derivatives have been extensively investigated, 
resulting in remarkable advances.[46–50] The direct synthesis on basis of CO2 is particularly 
attractive. In fact, the un-substituted parent compound, urea itself, is commercially generated 
from ammonia and carbon dioxide via ammonium carbamate on an industrial scale (Eq. 2.1-
14 & 2.1-15).[51] Although the decomposition of ammonium carbamate to urea is endothermic, 
the first reaction is strongly exothermic, providing the energy necessary to overcome the 
second step.[14]  
 
 
 
 
However, this process cannot be directly translated to primary amines. Whereas the 
formation of carbamic acids from amines and CO2 occurs almost spontaneously, urea 
derivatives are formed under quite drastic conditions (200 °C, p°CO2 >100 bar) or in the 
presence of a stoichiometric amount of bases (NEt3, DBU). Moreover, an additional 
dehydrating agent (carboiimides, diorganophosphites) is required to eliminate the water 
formed and to overcome the limitations on thermodynamic equilibrium. Catalytic methods to 
prepare ureas have been investigated.[6–8] In the 1990s, linear and cyclic urea derivatives were 
successfully synthesized from primary amines or diamines with CO2, using Ph3SbO/P4S10 as 
a catalyst at 80-150 °C and 49 bar CO2 (80-98 % yield).[132] A similar reaction with aliphatic 
and aromatic primary amines was carried out in the presence of a mixture of RuCl3·H2O, Bu3P 
and an excess of a propargylic alcohol affording N,N´-disubstituted symmetrical ureas in a 
40-70 % yield.[133] Nevertheless, the toxic and expensive reagents used in these processes, 
make them non suitable at industrial scale. 
Eq. 2.1-14 
Eq. 2.1-15 
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In 2003, Deng and his co-workers developed a new system, in which the catalyst 
(CsOH) was immobilized in an ionic liquid (BMImCl) and water was added as solvent, 
leading to the precipitation of the insoluble product. The reaction was carried out at 170 °C 
and 60 bar for 4 h, obtaining isolated aliphatic or aromatic urea derivatives in high yields (93-
98 %).[126] Some years later, De Vos published a similar method using Cs2CO3 as a catalyst 
and replacing the ionic liquid with N-methylpyrrolidone (NMP) as a solvent. NMP is very 
stable at high temperatures and has exceptional properties as a solvent in the chemistry of 
CO2. This solvent is used for the absorption of CO2 in combination with amines, being able 
to stabilize the ionic intermediate of the chemisorption.[62] De Vos and his co-workers worked 
at 170 °C, but with lower pressures (25 bar CO2) and were able to convert both linear and 
branched aliphatic amines to urea derivatives with yields of around 80%.[62] Both researchers 
suggested the same mechanism, an initial exothermic formation of the ionic carbamate 
followed by its subsequently endothermic dehydration to urea (Eq. 2.1-16). 
 
 
 
Recently, the group of Deng has reported a new method to synthesize polyurea 
derivatives from aliphatic diamines and CO2 in the absence of a catalyst.[73] The reaction 
proceeded at 150-200°C and 20-50 bar CO2, using hexamethylenediamine (HDA) as a reagent 
and NMP as a solvent. After a 24 h reaction, a yield of 97 % for polyurea-HDA was obtained. 
The same reaction with monoamines like cyclohexylamine and n-butylamine led to lower 
yields of urea (30-40 %). The authors explained that this effect could be caused by the binding 
of CO2 to an amine, which requires two equivalents of the amine, one as a base and the other 
as a bind, whereby the diamine is more favorable for this intermediate process than the 
monoamine. Aromatic amines did not show any reaction, probably due to their weaker 
basicity. 
In 2010 Wu et al. reported a new method for the synthesis of urea derivatives from 
CO2 and primary amines in the absence of a catalyst and a solvent. Urea derivatives are formed 
from mono- and diamines at 180 °C and 100 bar with yields of 60-80 % in 24 h.[74]  
Eq. 2.1-16 
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 Motivation 
Carbamates, isocyanates and ureas are industrially produced through the coupling 
of amines with phosgene or a phosgene equivalent, leading to a high amount of environmental 
drawbacks, such as the handling of toxic reagents and the formation of corrosive by-products 
(Chapter 2.1.1). In order to avoid the use of phosgene, the utilization of alternative sources of 
carbon, principally CO2, has gained a lot of attention in the past few years.  
The reaction between amines and CO2 is an acid/base equilibrium that leads to 
different products, depending on the reaction conditions. At the present time, urea from CO2 
is being produced on an industrial scale. Yields of 60-98 % have been obtained in the synthesis 
of carbamates, isocyanates and urea derivatives, using CO2 as a source of carbon, but the large 
amounts of additives (bases and dehydrating agents) that are required to promote the formation 
of the desired products, together with the large amounts of by-products formed, not only make 
the process very expensive, but also detrimental to the environment.  
The aim of this research is to study the chemistry between primary amines and CO2 
and to obtain some insight into the control factors that influence the pathways and products. 
Starting from basic reactions such as the formation of carbamate salts, the investigation will 
be progressively expanded to their stability and reactivity as intermediates to isocyanates and 
urea derivatives. Using published methods at the outset, several amines, solvents, catalysts 
and dehydrating agents will be combined to generate valuable products derived from primary 
amines and CO2. Furthermore, reaction parameters, such as pressure, temperature and reaction 
time, will be examined in order to optimize the generation of isocyanates, urea derivatives or 
carbamate esters. These experiments will contribute to an increase of the knowledge about the 
possible methods to utilize CO2 as C1-building block in combination with amines.  
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 Results and discussion 
2.3.1 General 
As was explained in Chapter 2.1.1, the tendency of carbamic species to form 
isocyanates and urea derivatives via de-alcoholysis, dehydration and thermal decomposition 
lead us to think about the possibility of utilizing these compounds as intermediates. It is 
generally accepted that the reaction of amines and CO2 to isocyanates or urea derivatives goes 
through an initial carbamic salt formation that provides the energy necessary for the second 
step (Chapter 2.1).[61,64] Carbamate salts can be generated by coupling primary amines with 
CO2, preferably in the presence of an additional base when isocyanate is the desired product. 
The reason why the additional base is required is the high reactivity of isocyanates with amines 
to form urea derivatives. The base is used primarily to deprotonate the carbamic acid of the 
primary amine to form the carbamate species, but it should not react with CO2. Hence, the 
carbamic salt has to be decomposed into an isocyanate and an inert base, avoiding further 
reactions. However, when the urea derivative is the desired product, the primary amine works 
also base (Eq. 2.3-1 - 2.3-2). 
 
 
 
 
 
 
The properties of the carbamic salt are strongly influenced by the base; therefore, 
the intermediate formation and its properties have to be systematically studied primarily in 
order to optimize the second step of the synthesis. 
 
 
 
 
 
Eq. 2.3-2 
Eq. 2.3-1 
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2.3.2 Carbamic salt synthesis 
 
 Coupling of primary amines and CO2 
Three different primary aliphatic amines (n-octylamine, n-butylamine and 
cyclohexylamine) were tested in a neat reaction with 10 bar CO2. The reaction was carried out 
with 3 mmol of amine at room temperature for one hour in a 10 mL autoclave. A white solid 
was always formed as a product. The three amines were completely converted into 
alkylammonium alkylcarbamate salts (Eq. 2.3-3). 
 
 
 
 
 
Table 1: Solubility and stability properties of the different carbamic salts 
obtained by coupling a primary amine with CO2  
                    Carbamic salt 
Solubility 
[mg/mL] 
Thermal 
stability [°C][a] 
Toluene NMP Tdecomposition 
(1) 
 
54 70 90 
(2) 
 
65 90 50 
(3) 
 
70 80 55 
 [a] Thermo gravimetric analysis 
Eq. 2.3-3 
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Several solubility and stability tests were carried out in order to characterize the 
products. Two different solvents were used for the analysis: toluene and N-methylpyrrolidone 
(NMP). The carbamic salt (100 mg) was treated with toluene or N-methylpyrrolidone (1 mL). 
The mixture was stirred for 30 minutes and filtrated. The product that remained on the filter 
corresponded to the quantity of the undissolved product. In that way, the solubility of every 
salt in each solvent could be calculated. As observed in Table 1, the solubility of the carbamic 
salts in NMP is higher than in toluene. This result agrees with the expectations and 
observations of other researchers[62] who have come to the conclusion that these species are 
more soluble in polar organic solvents.  
The solubility of these compounds in NMP increases in this order: octyl- < 
cyclohexyl- < butyl-. However, in toluene, the cyclohexyl derivative showed the highest 
solubility (Table 1, entries 1-3). The stability tests led to determine that whereas 
butylammonium und cyclohexyammonium carbamic salts start to decompose at 50 °C, the 
carbamic salt with the octyl chain is more stable, not decomposing until 90 °C has been 
reached.  
 
 Coupling of primary amine and CO2 in the presence of 
an additional base 
The next step consisted on the addition of a stoichiometric amount of an external 
base in order to deprotonate the carbamic acid and generate a carbamate salt. Triethylamine 
was first tested as base in a series of neat reactions with the same primary amines used before 
(n-octylamine, cyclohexylamine and n-butylamine) under the same conditions (10 bar CO2, 
RT, 1 h, 10 mL autoclave). The reaction with n-butylamine led to a yellow viscous liquid that 
was identified as a mixture of trialkylammonium butylcarbamate (4) (Eq. 2.3-4) with some 
traces of butylammonium butylcarbamate (2). However, when n-octylamine and 
cyclohexylamine were used as bases, the products formed were the alkylammonium carbamic 
salts (1) and (3), just as in the reactions without using any additional base (Eq. 2.3-5). A 
plausible reason for this behavior is the low basicity of triethylamine (pKa 10.62 ± 0.25) 
compared to n-octylamine and cyclohexylamine (pKa 10.75 ± 0.10, and 10.64 ± 0.10, 
respectively).  However, the pKa of n-butylamine is a bit lower (10.57 ± 0.10), and this allows 
the generation of the triethylammonium carbamic salt. 
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In order to isolate the carbamic salts and to separate the unreacted species, the 
product mixtures were stirred with pentane for some minutes. This mixture was filtrated under 
vacuum and the solid was separated and dried at room temperature. Both the solid product 
and the filtrate were analyzed by 1H and 13C-NMR in order to characterize the generated 
compounds. The carbamic salts with n-octylammonium and cyclohexylammonium were 
isolated as colorless solids and the triethylamine was completely separated from the salts with 
the pentane washing. Interestingly, a colorless solid was isolated when the same procedure 
was performed with the yellow viscous n-butyl product mixture (triethylammonium with 
traces of butylammonium butylcarbamate). The solid was identified as butylammonium 
butylcarbamate, whereas the filtrate contained the tertiary amine with no remaining of 
butylamine or triethylammonium butylcarbamate. This behavior indicates that 
triethylammonium butylcarbamate was converted into butylammonium butylcarbamate. The 
similar basicity of both amines leads to an equilibrium between the different carbamic species 
and, depending on the conditions, one prevails over the other (Figure 2.3-1).  
 
 
 
 
 
 
 
Eq. 2.3-5 
Eq. 2.3-4 
Figure 2.3-1: Equilibrium between n-butylamine, triethylamine, CO2 and the corresponding carbamic salts 
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Prior to this research, McGhee et al. investigated the reaction between n-octylamine 
and CO2 in the presence of triethylamine and a solvent.[64] Following their procedure, several 
reactions with these two amines were carried out in different solvents: acetonitrile, propylene 
carbonate, tetrahydrofurane and dichloromethane. Solvents and amines were mixed in a 10 
mL autoclave, which was subsequently pressurized with CO2 (10 bar). The reaction was 
carried out for one hour at room temperature. A cloudy yellow mixture was formed when 
acetonitrile, propylene carbonate and tetrahydrofurane were used as solvents. However, in the 
presence of dichloromethane, the product mixture was a clear light yellow solution. The 
different solutions were analyzed by IR and NMR, and it was determined that octylammonium 
octylcarbamate (1) was the only product generated in all the experiments.  
Following up with base screening, two different bases, N,N-Diisopropylamine 
(DIPEA or Hünig´s base, pKa-DIPEA ≈ 10.98) and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 
pKa-DBU ≈ 13.28), were tested. The experiments were performed as reported before: n-octyl- 
and n-butylamine were combined with one of the extra bases in a molar ratio 1:1under solvent-
less conditions. The reactions were carried out at room temperature and 10 bar CO2 for 1 h 
and then the products were analyzed by IR and 1H- and 13C-NMR. Whereas DIPEA was not 
strong enough to form the desired carbamic salt with these primary amines, DBU enabled the 
formation of the salt with protonated DBU as a cation (Eq. 2.3-6). This reflects the fact that it 
has a considerably higher basicity than NEt3 or DIPEA, which facilitates the deprotonation of 
the primary amine against the other bases (Table 2).  
 
 
 
 
 
The next step was to study the thermal properties of the different carbamic salts 
formed with and without additional bases. For that purpose, the isolated salts were heated at 
different temperatures (40 °C - 110 °C) in an oil bath and analyzed by NMR (Table 2). The 
products obtained by coupling the n-butylamine or cyclohexylamine with CO2 are stable to a 
temperature of ca. 50 °C, whereas the same product with n-octylamine starts to release CO2 
at 90° C. The product formed in the reaction n-butylamine and CO2 in presence of NEt3, 
decomposes at 80 °C and the carbamic salts formed with DBU as additional base are stable to 
temperatures of 110 °C. 
 
Eq. 2.3-6 
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Table 2: Thermal stability of the carbamate salts formed with the different amines[a] 
Primary amine Base Product T° of 
decomposition 
[°C][c] 
 
-- 
 
90 
DBU 
 
 
110 
 
-- 
 
 
50 
NEt3[b] 
 
 
80 
DBU 
 
 
 
110 
 
-- 
 
 
55 
[a]Carbamate salt synthesis: primary amine (2 mmol), base (2 mmol), CO2 (10 bar),T = 25 °C, t = 1 h; finger 
autoclave (10 mL); product analyzed by 1H & 13C-NMR and IR; [b]product obtained after reaction without any 
extra pentane treatment; [c]Temperature at which the back reaction to amine and CO2 takes place (determined 
by NMR analysis) 
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2.3.3 Synthesis of isocyanates and urea 
derivatives with carbamic species as intermediates 
 
 Effect of a dehydration agent on the reaction between n-
octylamine and CO2 in the presence of an additional base 
Both urea derivatives and isocyanates could be synthesized from carbamate salts 
formed by coupling primary amines with CO2. However, whereas urea derivatives can be 
formed directly from CO2 and amines, isocyanates require an additional base to build the 
carbamic salt in order to avoid further reactions (Chapter 2.1.3). Until now, only few 
researchers have studied this synthesis, and all of them have concluded that a dehydration 
agent is necessary to allow the formation of isocyanate.[67,72] Nevertheless, the published 
processes have several drawbacks, such as the formation of high amounts of salts and bases 
and the absence of an effective method to recycle the dehydrating agent.  
In order to understand the reaction of CO2 and amines towards isocyanates, the first 
step was to reproduce the synthesis reported by McGhee and his coworkers (Chapter 2.1.3).[64] 
This synthesis is based on the generation of isocyanates by coupling a primary amine and CO2 
in the presence of two equivalents of a tertiary amine organic base (usually triethylamine or a 
guanidine compound) and an equimolar amount of an electrophilic dehydrating agent (PCl3, 
SOCl2, POCl3, SO3, P4O10).The reactions were performed under very mild conditions (0-80 
°C, 1-10 bar) and they obtained conversions > 99 %. 
Following this procedure, a reaction with 3 mmol of n-octylamine, 3 mmol of 
triethylamine and 20 bar of CO2 in acetonitrile was carried out for one hour at room 
temperature. Then the solution was added to a different flask that contained 7.5 mL of a 0.4 
M solution of PCl3 in acetonitrile. The reaction was carried out at 0 °C for 10 min and room 
temperature for one more hour (Eq. 2.3-7).The product was analyzed via 1H and 13C-NMR 
and also IR. The solvent was evaporated and a sample was analyzed by GC to determine the 
quantity of the product formed using n-decane as the standard. N-octylisocyanate could be 
identified as the product by qualitative analysis via IR and NMR as well as quantitatively with 
a conversion 78 % and selectivity 80 % by GC analysis. 
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The goal of this project was to investigate whether PCl3 could be replaced with other 
dehydration agents that are cheaper, more benign and/or easier to separate. For this purpose, 
molecular sieves 4 Å, Montmorillorite clay K-10,[66] and calcium oxide (CaO)[89] were tested 
as dehydration agents. The reactions were performed as described above, but in the second 
reaction PCl3 was substituted for one of the mentioned compounds and the conditions were 
varied (Table 3).  
 
 
 
 
Table 3: Effect of dehydration agent in a reaction of n-octylamine, NEt3 and CO2[a] 
Entry 
Dehydrating 
agent 
T  
[°C] 
p° 
[bar] 
Product 
Yield 
[%] 
 
1 
Molecular 
Sieves 4 Å r.t. - 
 
>99  
2 
Molecular 
Sieves 4 Å r.t 20 
 
>99  
3 
Molecular 
Sieves 4 Å 150 20 
 
26  
4 
Montmorillonite 
clay K-10 
150 10 
 
>99  
5 Calcium oxide 150 - 
 
>99  
6 Calcium oxide 150 
10-
20 
 
>99  
7[b] Calcium oxide 150 20 
 
>99  
[a]Carbamate preformation: n-octylamine (3 mmol, 0.5 mL), triethylamine (3 mmol, 0.45 mL), CO2 (20 bar), 
acetonitrile (7.5 mL), t = 1 h; finger autoclave (20 mL); reaction with dehydrating agent: t = 24 h  
[b ]t = 72 h 
Eq. 2.3-7 
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N-octylisocyanate was not found in any of the experiments. Nevertheless, in the 
reaction with molecular sieves at 150 °C and 24 h, N,N´-dioctylurea was formed in a yield of 
26 % (Table 3, entry 3), being the only product observed apart from the octylammonium 
carbamate salt (1), which was formed in all of the reactions. Although N,N´-dioctylurea and 
octylammoinum carbamic salt have a similar structure, both compounds can be easily 
distinguished by 1H and 13C-NMR analyses: the urea derivative has a signal of 20 protons at 
1.31 ppm and its carbonyl signal is shown at 168 ppm, while the carbon of the carbamic salt 
appears at 162 ppm. 
 
 
 Catalytic reactions between n-octylamine and CO2 in the 
presence of an additional base 
The next step was to investigate the effect of a catalyst on this reaction. As already 
mentioned in Chapter 2.1.3, there is no catalyst known to facilitate the dehydration of the 
carbamic salt to generate isocyanate. For this reason, it was chosen to test catalysts for a 
related reaction, the carbamic ester dissociation (Eq 2.3-8), for which some catalysts such as 
Cs2CO3 and Na2CO3 and dibutyltin-dilaureate (DBTDL) have already shown to be 
active.[61,134] 
 
 
 
 
These catalytic species were dissolved in acetonitrile and combined with some of 
the dehydration agents tested before. The reactions were performed using n-octylamine and 
triethylamine as bases to pre-form the carmabic salt, and then this reaction mixture was added 
as the substrate to the reactors containing the catalyst solution and the dehydration agent. The 
different reactions were carried out under diverse conditions.  
 
 
 
 
 
Eq. 2.3-8 
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When Cs2CO3 and Na2CO3 were combined with molecular sieves 4 Å, some 
reactions were performed in a 25 mL flask without CO2 for one day. These experiments 
showed different results, depending on the temperature: at low temperatures (between 0 °C 
and 25 °C) no reaction took place, being octylammonium carbamic salt (1) the only compound 
identified in 13C-NMR and IR analysis of the product mixture (Table 4, entries 1-2). However, 
working at higher temperatures (between 62 °C and 82 °C), n-octylamine and triethylamine 
were detected in both the 1H and 13C-NMR and IR analysis, without residues of salt or other 
products. These results indicate that the carbamic salt decomposes when the reaction is 
performed at higher temperatures (Table 4, entries 3-4). After these observations, the same 
reactions described above were carried out in an autoclave under CO2 pressure in order to 
avoid the decomposition of the carbamic salt into pure amine and CO2. These last experiments 
led to new observations: at temperatures lower than 100 °C, no reaction took place, but at 
temperatures around 150 °C, N,N´-dioctylurea was formed in a yield of 34 % (Table 4, entry 
5).  
A reaction of n-octylamine, triethylamine and CO2 with DBTDL as a catalyst and 
molecular sieves 4 Å as a dehydration agent was carried out at 150 °C and 20 bar. After 12 h, 
the reaction was stopped and a sample was analyzed by 1H and 13C-NMR. N,N´-dioctylurea 
was identified as a product, but several unknown peaks remained unidentified. For this reason, 
further analysis was necessary in order to determine which kinds of compounds formed the 
product mixture. A sample was analyzed by GC-MS, where n-octylacetamide could be 
identified as a by-product. The masses of the by-products formed in smaller quantities did not 
fit with any of the expected compounds and they remained unidentified. N,N´-dioctylurea was 
quantified by GC using n-decane as the standard: it was formed in a yield of 56 % (Table 4, 
entry 7). The same reaction was performed at a higher temperature (200 °C) and longer 
reaction times (24 h). An orange, cloudy product mixture was taken and analyzed by 1H and 
13C-NMR and GC. In this reaction, N,N´-dioctylurea was formed in a yield of 48 %, and some 
traces of n-octylisocyanate (yield 1 %) were also observed (Table 4, entry 8). N-
octylacetamide was also found in the product mixture, but it was not quantified. Several small 
peaks also remained unidentified. Probably the high temperatures and/or the high reaction 
times (24 h) promote the decomposition of NEt3 and its reaction with the carbamic salt, or 
even the reaction of the latter with acetonitrile, generating the n-octylacetamide. 
38 
 
 
 
After these experiments with NEt3 as an additional base, it was concluded that 
isocyanates are formed only when a strong dehydrating agent such as PCl3 is present. 
However, at a high temperature and under CO2-pressure, the carbamic salts generated can be 
converted into N,N´-dialkylureas, which are also important chemicals that are traditionally 
formed by phosgenation processes. The lack of formation of isocyanate could be explained by 
previous observations resulting from the carbamic salt synthesis: NEt3 is not basic enough to 
deprotonate the primary amine, leading to the formation of an alkylammonium carbamic salt. 
This carbamic salt could promote the conversion of isocyanate into urea by releasing free 
Table 4: Test of different catalysts in combination with molecular sieves 4 Å for the 
generation of isocyanates 
Entry Catalyst 
T  
[°C] 
p° 
[bar] 
Product 
  Yield 
[%] 
1 Cs2CO3 0 - 
 
  
>99 
2 Cs2CO3 r.t - 
 
  
>99 
3 Cs2CO3 62 - 
 
  
- 
4 Cs2CO3 82 - 
 
  
- 
5 Cs2CO3 150 20 
 
  
34 
6 Na2CO3 r.t - 
 
  
>99 
7[b] DBTDL 150 20 
 
  
56 
8[c] DBTDL 200 20 
 
  
48 
[a]Carbamate preformation: n-octylamine (3 mmol, 0.5 mL), triethylamine (3 mmol, 0.45 mL), CO2 (20 bar), 
acetonitrile (7.5 mL), t = 1 h; finger autoclave (20 mL); reaction with dehydrating agent: molecular sieves 4 Å 
(2 g), catalyst (0.3 mmol), t = 24 h; [b]catalyst (0.19 mmol); t = 12 h; n-octylacetamide as by-product; [b]catalyst 
(0.19 mmol); t = 24 h; n-octylacetamide and n-octylisocyanate (1 %) identified  
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amine from the ammonium species, preventing the generation of free isocyanate (Figure 2.3-
2). 
 
 
 
 
  
 
Previous studies indicated that DBU could deprotonate the carbamic acid of the 
primary amines tested, leading to the desired carbamic salt (Chapter 2.3.2.2). A neat reaction 
of n-octylamine (2 mmol), DBU (2 mmol) and CO2 (20 bar) was carried out in a 10 mL 
autoclave for one hour at room temperature. Then the product mixture was removed with a 
syringe and transferred to a different autoclave with molecular sieves 4 Å (0.5 g) or DBTDL 
(0.2 mmol) and acetonitrile (3 mL). The reactor was pressurized with 20 bar CO2 and stirred 
for 24 h at 150 °C. The product was analyzed via 1H and 13C-NMR and IR. N,N´-dioctylurea 
was the only product observed. The solvent was evaporated and a sample was analyzed by 
GC to determine the quantity of the product formed using n-decane as the standard. N,N´- 
dioctylurea was formed in a yield of 23 % and 55 % with molecular sieves or DBTDL, 
respectively, but neither n-octylisocyanate nor n-octylacetamide were found in the product 
mixture.  
 
 Catalytic reactions between n-butylamine and CO2 in the 
presence of methanol  
Further experiments with primary amines and CO2 were carried out in the presence 
of methanol. The synthesis of carbamic esters from CO2 and their decomposition to urea 
derivatives and isocyanates has already been extensively investigated.[61,62,66] These previous 
studies led to considering the possibility of using carbamic esters instead of carbamic salts as 
intermediates (Eq. 2.3-9). For this propose, several reactions with n-butylamine, methanol and 
CO2 in presence of Cs2CO3 were performed following the synthesis reported by De Vos.[61] 
 
 
Figure 2.3-2: Possible reaction pathway in the reaction of primary amines and CO2 in presence of NEt3 
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A reaction of 5 mmol n-butylamine, 50 mmol methanol and 25 bar CO2 with 
Cs2CO3 as a catalyst was carried out in a 10 mL autoclave under different conditions. After 
the reaction, a sample of the product mixture was analyzed via 1H and 13C-NMR with 
tetrahydrofurane as an internal standard and both N,N´-dibutylurea and methyl-
butylcarbamate were quantified by 1H-NMR. 
 
As observed in Table 5, the reaction takes place successfully in the presence of 
Cs2CO3. Both carbamate ester and dibutylurea could be synthesized from n-butylamine, 
methanol and CO2. High temperatures of 200 °C and reaction times of 24 h favor the formation 
of carbamate ester, whereas higher yields of the urea derivative are obtained at 170°C. As 
highlighted by De Vos in previous publications, temperatures higher than 220 °C cause a 
decrease of the conversion. This could be caused by the instability of the CO2 adducts or the 
exothermic nature of the reaction, shifting the equilibrium to the reactant´s side with an 
increase of temperature. When the amount of catalyst was doubled, the conversion increased 
just about 5 % and the selectivity to carbamate ester remained nearly constant (Table 5, entry 
4), indicating that this parameter was not relevant in the optimization of urethane production. 
Table 5. Reaction of n-butylamine, methanol and CO2 in the presence of Cs2CO3 as a 
catalyst under different conditions[a] 
Entry 
T  
[°C] 
t  
[h] 
Catalyst 
 [mmol] 
Conv.[b] 
[%] 
Scarb[c]  
[%] 
Surea[d] 
 [%] 
1 170 4 -- --- -- -- 
2 170 4 0.31 18 11 89 
3 170 24 0.33 42 32 68 
4 170 24 0.72 48 29 71 
5 200 24 0.37 61 48 52 
[a]Conditions: 5 mmol n-butylamine,ratio amine:methanol = 1:10; 25 bar CO2 [b]Amine conversion 
determined by 1H-NMR with THF as standard, [c]Carbamate ester selectivity determined by NMR [d] N,N´-
dibutylurea selectivity determined by NMR 
Eq. 2.3-9 
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The highest amine conversion was reached at 200 °C in a selectivity of 48 % to carbamate 
and 52 % N,N´-dibutylurea (Table 5, entry 5). These results led to the conclusion that the urea 
derivative works as an intermediate in the synthesis of the carbamic ester (Eq. 2.3-10), which 
is the reason why higher amounts of dialkylurea are observed at lower temperatures and 
shorter reaction times.  
 
 
 
 
 
 
 Effect of a dehydrating agent on the reaction between n-
butylamine and CO2  
As explained at the beginning of the chapter, the synthesis of urea derivatives does 
not require an additional base to be generated, avoiding its separation and facilitating the 
workup of the reaction. For this reason, the carbamic salt formed by coupling n-butylamine 
and CO2 was combined with different dehydrating agents and catalysts in order to optimize 
the formation of dibutylurea.  
In previous experiments, Deng et al. concluded that the reaction of diamines and 
CO2 in a solvent such as acetonitrile resulted in inferior yields than those achieved with N-
methylpyrrolidone (NMP), and they suggested that the polarity of the solvent and the high 
CO2 solubility in it have positive effects on the reaction.[62,73,135] This conclusion, together 
with the high yields of urea derivatives reported by other researchers using NMP and toluene 
as solvents,[62,73,136] led to check the polarity effect of both solvents in this synthesis.  
First of all, two reactions of n-butylamine (3 mmol) and CO2 (20 bar) were carried 
out in the presence of two different dehydration agents: a) molecular sieves 4 Å (ca. 0.5 g) 
and b) Montmorillonite K-10 (100 mg). Toluene (1.5 mL) was used as a solvent. The reactions 
were performed for 24 h at 190 °C in a 10 mL autoclave. Both product mixtures were white 
cloudy liquids. A sample of each product mixture was analyzed via NMR. Whereas N,N´-
dibutylurea was identified by 1H and 13C-NMR in the reaction with molecular sieves, the 
reaction with Montmorillonite K-10 led only to the formation of butylammonium carbamic 
Eq. 2.3-10 
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salt (2). A sample of the urea derivative product was analyzed again via 1H-NMR with THF 
as the internal standard: N,N´-dibutylurea was formed in a yield of 90 % (Eq. 2.3-11). 
 
 
 
 
 
Some of the catalysts reported by the group of De Vos[62] and Deng[126], such as 
Cs2CO3 and Co(acac)3 (1.5-2.0 mol-%), were also tested in this reaction using NMP and 
toluene as solvents at 190 °C and 30 bar CO2. In order to investigate the reaction pathway, 
these reactions were carried out using two different methods: a) direct reaction of n-
butylamine and CO2 (one-pot synthesis) and b) preformation of butylammonium 
butylcarbamate (two-step reaction) (Figure 2.3-3). When the reaction was performed via 
method a, the catalyst, n-butylamine and the solvent were stirred with CO2 at 190 °C for 24 h. 
However, method b was based on a first reaction of n-butylamine and CO2 in toluene or NMP 
for one hour at room temperature and a second reaction in the presence of the catalyst and 
CO2 at 190°C for 24 h. 
As can be observed in Figure 2.3-3, the cobalt catalyst is more active than the 
cesium carbonate in both solvents and for both reaction pathways. Whereas the maximal yield 
obtained with Cs2CO3 was about 60 % when the carbamic salt was used as a reactant and 
NMP as a solvent, the counterpart reaction with Co(acac)3 led to a yield of 99 %. As expected, 
the nature of the solvent also plays an important role in the reaction. The yield to urea 
increased by 20 % when toluene was substituted by NMP, independently of the catalyst or the 
reaction pathway. A reason for this effect could be the higher solubility of the carbamic 
species in this solvent (Chapter 2.3.2.1), which would agree with the suggestions made by 
Deng et al., who concluded that the use of a polar solvent results in higher yields of urea. The 
combination of n-butylammonium butylcarbamate with Co(acac)3 as catalyst and NMP as 
solvent at 190 °C leads to a nearly complete conversion of carbamate into dibutylurea. 
 
 
 
 
Eq. 2.3-11 
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In these experiments, it was determined that the formation of N,N´-dibutylurea 
increased when the carbamic salt was the intermediate species. This provides evidence for the 
assertion that the urea derivatives are formed via carbamic salt dehydration and not from the 
pure amine, probably because the generation of the salt was prevented by the high temperature 
used in the direct synthesis (method a). In order to check the effect of the carbamate 
preformation over the species, the reaction with n-butylamine and CO2  in the presence of 
catalyst and solvent was stirred at 25 °C for 2 h to form the carbamic salt, and afterwards the 
temperature was increased to 190°C and kept constant for 22 h (Figure 2.3-4). This reaction 
was tested with both, Cs2CO3 and Co(acac)3, and these results were compared with the ones 
obtained in previous reactions where the carbamic salt was first isolated and subsequently 
decomposed at 190°C for 24 h. 
As represented in Figure 2.3-4, the preformation of the carbamic salt led to an 
increase in the urea derivative formation in the presence of both catalysts. The yields achieved 
with the temperature increase were 47 % and 84 % with Cs2CO3 and Co(acac)3, respectively. 
These values are very similar to the ones determined in previous experiments, where the 
butylammonium carbamic salt was directly used as a reagent. These results indicate that the 
carbamic salt preformation favors the course of the reaction to generate urea derivatives.  
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Figure 2.3-3: Yield to N,N´-dibutylurea via a) one-pot synthesis, b) carbamic salt pre-formation 
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Figure 2.3-4: Yield to N,N´-dibutylurea with Cs2CO3 and Co(acac)3 as catalyst via a direct reaction with n-
butylamine as substract at 190 °C, an isolated carbamic salt as reactant at 190 °C and a carbamic salt 
preformation at 25°C followed by a reaction at 190 °C (toluene as solvent) 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the excellent results obtained in the presence of 0.2 mmol of Co(acac)3 or 
molecular sieves 4 Å, further investigations were done in order to optimize the process. 
Combining the properties of both the catalyst and the dehydrating agent, the reaction could be 
improved by a continuous water removal and an easier reaction workup, also increasing the 
rate of the product formed. Hence, several reactions were performed with dibutylammonium 
carbamic salt as a substrate, Co(acac)3 as a catalyst and molecular sieves 4 Å as a dehydration 
agent. NMP was used as a solvent. The reactions were stirred with CO2 (30 bar) for 24 h at 
different temperatures. Figure 2.3-5 shows that yields of 99% were achieved when the reaction 
was carried out at 190 °C and 160 °C. However, by decreasing the temperature to 130 °C, the 
yield dropped to 70 %.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3-5: Effect of the temperature in the formation of N,N´-dibutylurea via carbamic salt preformation with 
Co(acac)3 as catalyst 
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In order to facilitate the separation and recycling of the catalyst and the dehydrating 
agent, the use of a dehydration compound such as SiO2, where the catalyst could be 
immobilized, became very interesting. This compound is a commonly used support in 
heterogeneous catalysis[137–139] and here it could also be used not only to absorb the water, but 
also to facilitate the separation of the catalyst. For this purpose, a reaction with Co(acac)3 and 
SiO2 was performed to study the effectiveness of the system. The combination of Co(acac)3 
and SiO2 with dibutylammonium dibutylcarbamate as a reagent at 190 °C in 24 h brought 
about successfully the conversion of dibutylamine into N,N´-dibutylurea in a yield of 82 %. 
The product mixture was collected with a syringe, leaving a turquoise solid behind in the 
reactor. This solid was not further treated or analyzed, so it cannot be assured whether the Co 
was adsorbed on the SiO2 or not.  
Hence, it was demonstrated that a complete conversion to N,N´-dibutylurea can be 
achieved using Co(acac)3 as a catalyst and/or molecular sieves 4 Å as dehydration agent, when 
the carbamic salt is preformed. High temperatures and polar solvents are also required to 
guarantee a successful synthesis. During these experiments, some traces of isocyanate were 
sometimes observed. These observations, together with the results previously obtained in 
Chapter 2.3.3.1, led to the conclusion that the isocyanates can be formed as intermediates in 
the synthesis of urea derivatives. 
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 Experimental part 
2.4.1 General descriptions 
 
 Autoclave manipulation 
The 10 mL or 20 mL finger autoclaves consist of a steel cylinder (lower vessel) and 
a tube with a manometer and a valve to regulate the pressure in the reactor. Both pieces are 
connected with a ferrule that guarantees the tightness of the connection. Anti-seize lubricant 
(Chesterton 785) had to be applied to the thread of the pot to prevent cold fusion of the 
components. All the screws were manipulated with the proper adjustable spanners. Pressures 
of 250 bar and temperatures of 200 °C can be applied. To avoid blind activity, the steel 
autoclaves were equipped with glass inlets and magnetic stir bars (Figure 2.4-1).  
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Figure 2.4-1: 10 mL finger autoclave 
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 Inert gas atmosphere experiments 
All manipulations involving air-sensitive compounds were carried out under inert 
atmosphere using Schlenk techniques or in a glove box (MBraun LabMaster SP). Argon 4.8 
(Messer, Germany) was used as an inert gas in all cases. Prior to use, all glassware was dried 
in high vacuum, evacuated and refilled with argon at least three times. The autoclaves were 
evacuated at high vacuum for at least one hour and then purged six times with an argon 
atmosphere. 
 
 Solvents and reactants 
Dichloromethane was degassed with argon and dried, passing through columns filled 
with aluminum oxide (preheated for 5 h at 375 °C) prior to usage, using a solvent purification 
system from Innovative Technologies, then stored over activated molecular sieves 4 Å. 
Acetonitrile was fractionally distilled, and then it was kept in a bottle with molecular sieves 4 
Å. Argon was bubbled for 2 h while the bottle was immersed in an ice bath. Methanol was 
distilled under argon and stored on dried molecular sieves 3 Å. Triethylamine, n-octylamine, 
n-butylamine, cyclohexylamine and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) were also 
purified by fractional distillation (under vacuum) and dried with molecular sieves 4 Å under 
argon atmosphere. Phosphorus trichloride (PCl3) was distilled and kept under argon. All 
reagents were commercially supplied and used as received, unless stated otherwise. Hydrogen 
(5.5) was provided by Air Products and carbon dioxide (4.5) and argon (4.8) by Westfalen. 
All gases were supplied with an in-house gas supply system from Dräger AG. 
 
  Karl-Fischer-Titration 
The quantity of water contained in the dried solvents was determined using a Karl-
Fischer-Tritator KF 756 from the company Metronom. The water containing 
dichloromethane, acetonitrile, methanol and the amines was measured three times in 
succession and typically remained on the following levels: DCM 5-15 ppm, MeCN 90-150 
ppm, MeOH 90-130 ppm, amines 60-120 ppm. 
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2.4.2 Analytics 
 NMR-Spectroscopy 
NMR spectra were recorded with commercial spectrometers BRUKER AV-300, AV-
400 and AV-600 at RT with the frequency noted. CDCl3-d3, (CD3)2CO-d6, DMSO-d6 and 
D2O-d2 were used as deuterated solvents. Chemical shifts δ are given in ppm relative to 
tetramethylsilane (1H and 13C). First order spin multiplicies are abbreviated as singlet (s), 
doublet (d), triplet (t), quadruplet (q), quintet (qui). Couplings of higher order or overlapped 
signals are denoted as multiplet (m) and broadened signals (brs). First order coupling constants 
are given in Hz. Assignments are based on attached proton tests (ATP) and 2D-correlation 
spectroscopy (COSY, HSQC and HMBC). For the integration of 1H and 13C NMR spectra the 
software TOPSPIN 2.1 (Bruker) and SpinWorks were used. 
 
 Infrared spectroscopy 
The analyses were done using an ALPHA FT-IR (Fourier transform infrared) 
spectrometer based on Bruker Optics´ RockSolidTM design. This instrument was managed 
computationally by OPUS/Mentor software.  
First, the properties and the range of analysis (mid-infrared: 4000 to 400 cm-1) were 
set, then a background measurement without substance was carried out, and subsequently a 
small amount of sample (a drop or a spatula) was analyzed. 
 
 Elemental Analysis 
CHN analyses were carried out with an Elementar Vario EL analyzer at the institute 
of organic chemistry (IOC) at the RWTH Aachen. 
 
 Mass spectrometry 
MS analyses were performed on a VARIAN 500 MS direct ESI in either (+) or (-) 
polarization from organic solutions without acidification. 
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 Thermogravimetric analysis 
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) 
were performed with a NETZSCH STA 40 C/CD at the institute. 
 
 Thin layer chromatography (TLC) 
POLYGRAM® SIL G/UV254 with a silica gel film with fluorescent indicator of 0.2 
mm, provided by the company Macherey-Nagel, was used as in thin layers. 
 
 Gas chromatography 
The product mixtures of all the catalyzed and dehydrated reactions were analyzed by 
gas chromatography or by mass-spectrometry (CG-MS) in order to identify the formed 
products which were found. Before analysis, the catalyst was separated from the product 
utilizing a capillary column filled with silica gel 60, and the product mixture was also filtrated 
to eliminate all kinds of solid particles. The qualitative correlation of peaks was carried out 
by the injection of the pure substances.  
 
 
 
Table 6: CG-Analysis properties 
Instrument Focus GC2 
Column 50 m OV1-IVA 
Internal diameter 0.25 mm 
Film thickness 0.5 μm 
Temperature program 
50 °C, 5 min iso. 12 °C/min up to 
250 °C, 15 min iso. 
Carrier gas Helium (1.5 mL/min) 
Vaporizer temperature 250 °C 
Detector FID 
Split 54 mL/min 
Internal standard n-decane 
50 
 
 
2.4.3 Synthesis and quantification 
 
 General procedure for the synthesis of carbamic salts 
coupling amines with CO2 
The reactions were carried out in 10 mL or 20 mL finger autoclaves. A 5 mL or 8 
mL vial was weighed and placed inside the autoclave. The autoclave was closed and dried at 
160 °C under vacuum for 5 min and cooled under inert gas. This process was repeated four 
times and the reactor was cooled down to room temperature under argon. Then the primary 
amine was inserted with a syringe into the autoclave under argon and the autoclave was 
pressurized with CO2. 
n-octylammonium carbamic salt: A neat reaction of n-octylamine (387.15 mg, 3 mmol, 0.5 
mL) and CO2 (10 bar) was carried out  for one hour at room temperature in a 10 mL autoclave. 
Afterwards, the reactor was depressurized and the vial with the product was taken and 
weighed. The product was a white solid. A sample of the solid product was analyzed by 1H 
and 13C-NMR: 88.3 mg of the product were dissolved in CDCl3 (0.5 mL).  
Product treatment: the product was stirred for 30 min with pentane (8 mL), filtrated, washed 
again with pentane (3 x 2 mL) and dried under vacuum (RT).  
Characterization: Both the solid product and the filtrate were analyzed by IR and NMR (1H, 
13C, HMQC, COSY): 81.4 mg of solid product were dissolved in CDCl3 (0.6 mL) and 0.1 mL 
of liquid in (CD3)2CO-d6 (0.5 mL). The isolated solid product was octylammonium 
octylcarbamic salt (1). No residues of free n-octylamine were found in any of the analyses. 
Elemental analysis and thermogravimetric analysis of the solid product were also carried out.  
 
 
 
 
 
Formula: C17H38N2O2 
Molar mass: 302.50 g/mol 
Isolated product: 0.30 g 
Yield: 100 % 
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IR (Neat): 3327. 82, 2953.84, 2921.32, 2852.34, 1647.81, 1559.53, 1486.9, 1382.89, 1317.07 
cm-1  
1H-NMR (300 Hz, CDCl3): δ = 0.88 (t, 6 H, CH3), 1.28 (m, 20 H, CH2), 1.43 (m, 2 H, CH2), 
1.51 (m, 2 H, CH2), 2.71 (t, 2 H, CH2), 3.1 (t, 2 H, CH2), 4.31 (brs, 1 H, NH), 5.62 (brs, 3 H, 
NH3) ppm.  
13C-NMR (75 Hz, CDCl3): δ = 14.1 (CH3), 22.76 (CH2), 27.04 (CH2), 27.29 (CH2), 29.35 
(CH2), 29.52 (CH2), 29.64 (CH2), 30.88 (CH2), 31.79 (CH2); 32.00 (CH2); 41.27 (CH2), 42.00 
(CH2), 162.2 (COO-) ppm. 
TGA: 90 °C (Mass change from 90 °C to 120 °C = - 95.79 %) 
EA: calculated = C, 67.55 %; H, 12.58 %; N, 9.27 %; found = C, 65.89 %; H, 12.79 %; N, 
9.00 % 
 
Cyclohexylammonium carbamic salt: A neat reaction of cyclohexylamine (852.86 mg, 8.6 
mmol, 1.0 mL) and CO2 (20 bar) was carried out in a 20 mL autoclave at room temperature 
for 1 h. Afterwards the reactor was depressurized and the vial with the product was taken and 
weighed. The product was a white solid. A sample of the solid product was analyzed by 1H 
and 13C-NMR: 97.4 mg of product were dissolved in CDCl3 (0.5 mL).  
Product treatment: The remaining product was stirred for 30 min with pentane (8 mL), 
filtrated, washed with pentane (3 x 2 mL) and dried under vacuum (RT).  
Characterization: Both the solid product and the liquid were analyzed by IR and NMR (1H, 
13C, HMQC, COSY):  91.1 mg of solid product were dissolved in CDCl3 (0.7 mL) and 0.1 mL 
of liquid in (CD3)2CO-d6 (0.5 mL). The isolated solid product was cyclohexylammonium 
cyclohexylcarbamic salt (2). No residues of free cyclohexylamine were found in any of the 
analyses. Elemental analysis and thermogravimetric analysis of the solid product were also 
carried out. 
 
 
 
 
 
Formula: C13H26N2O2 
Molar mass: 242.36 g/mol 
Isolated product: 0.81 g 
Yield: 100 % 
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IR (Neat): 3385. 87, 2928.29, 2849.42, 1612.71, 1542.90, 1445.33, 1313.00 cm-1  
1H-NMR (300 Hz, CDCl3): δ = 0.97-1.30 (m, 10 H, CH2), 1.48-1.86 (m, 10 H, CH2), 2.16 
(brs, 4 H, NH), 2.60 (m, 2 H, CH) ppm  
13C-NMR (75 Hz, CDCl3): δ = 24.85 (CH3), 25.15 (CH2), 25.28 (CH2), 34.53 (CH2), 36.42 
(CH2), 48.82 (CH), 50.02 (CH), 162.47 (COO-) ppm 
TGA: 55 °C (Mass change from 55 °C to 100 °C = - 88.27 %) 
EA: calculated = C, 64.46 %; H, 10.74 %; N, 11.57 %; found = C, 62.87 %; H, 10.63 %; N, 
11.16 % 
 
n-butylammonium carbamic salt: A neat reaction of n-butylamine (438.84 mg, 6 mmol, 
0.60 mL) and CO2 (10 bar) was carried out for one hour at room temperature in a 10 mL 
autoclave. Afterwards the reactor was depressurized and the vial with the product was taken 
and weighed. The product was a white solid. A sample of the solid product was analyzed by 
1H &13C-NMR: 82.7 mg of product were diluted in CDCl3 (0.5 mL).  
Product treatment: The remaining product was stirred for 30 min with pentane (8 mL), 
filtrated, washed with pentane (3 x 2 mL) and dried under vacuum (RT).  
Characterization: Both the solid product and the liquid were analyzed by IR and NMR (1H, 
13C, HMQC, COSY): 92.1 mg solid product in CDCl3 (0.6 mL) and 0.1 mL liquid in 
(CD3)2CO-d6 (0.5 mL). The isolated solid product was butylammonium butylcarbamic salt 
(3). No residues of free n-butylamine were found in any of the analyses. Elemental analysis 
and thermogravimetric analysis of the solid product were also carried out. 
 
 
 
 
Formula: C9H22N2O2 
Molar mass: 190.29 g/mol 
Isolated product: 0.46 g 
Yield: 100 % 
IR (Neat): 3315. 10, 2955.73, 2929.61, 2871.02, 1633.72, 1552.89, 1327.12 cm-1  
1H-NMR (300 MHz, CDCl3): δ = 0.90 (t, 6 H, CH3), 1.34 (m, 6 H, CH2), 1.54 (m, 2 H, CH2), 
2.73 (t, 2 H, CH2), 3.02 (t, 2 H, CH2), 4.34 (brs, 1 H, NH), 6.78 (brs, 3 H, NH3) ppm 
13C-NMR (75 Hz, CDCl3): δ = 12.73 (CH3), 12.93 (CH3), 18.95 (CH2), 19.16 (CH2), 31.08 
(CH2), 31.84 (CH2), 39.01 (CH2), 42.35 (CH2), 162.55 (COO-) ppm. 
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TGA: 50 °C (Mass change from 50 °C to 90 °C = - 87.09 %) 
EA: calculated = C, 56.75 %; H, 11.56 %; N, 14.71 %; found = C, 55.62 %; H, 11.28 %; N, 
14.06 % 
 
 Solubility test:  
A sample of each alkylammonium carbamic salt (100 mg) was dissolved in toluene 
or in N-methylpyrrolidone (1 mL) and stirred for 30 min. Then the solution was filtrated. The 
product that remained on the filter corresponded to the quantity of the undissolved product. 
The solubility of each product in each solvent was calculated as follows: 
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 General procedure for the synthesis of carbamic salts 
coupling a primary amine with CO2 in the presence of an 
additional base 
- Triethylamine as a base 
n-octylamine: A neat reaction of n-octylamine (284.25 mg, 2 mmol, 0.36 mL), triethylamine 
(222.42 mg, 2 mmol, 0.3 mL) and CO2 (10 bar) was carried out  for one hour at room 
temperature in a 10 mL autoclave. Afterwards, the reactor was depressurized and the vial with 
the product was taken and weighed. The product solution was a cloudy mixture of a white 
solid and a yellow liquid. A sample of the product mixture was analyzed by NMR (1H, 13C, 
HMQC, COSY): 85.3 mg of product mixture were diluted in CDCl3 (0.5 mL).  
Product treatment: The product mixture was stirred with pentane (8 mL), stirred for 30 min, 
filtrated, washed with pentane (3 x 2 mL) and dried under vacuum (RT).  
Characterization: A sample of both, the solid product and the liquid, was analyzed by IR and 
NMR (1H, 13C): 80 mg solid product in CDCl3 (0.6 mL) and 0.1 mL liquid filtrate in 
(CD3)2CO-d6 (0.5 mL). The product was identified as octylammonium carbamic salt (1) in 
both analyses (before and after pentane treatment). 0.26 g were isolated. Triethylamine was 
the only compound found in the filtrate (Figure 2.4-2). 
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PPM   7.2     6.8     6.4     6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8   ppm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cyclohexylamine: A neat reaction of cyclohexylamine (198.34 mg, 2 mmol, 0.36 mL), 
triethylamine (222.42 mg, 2 mmol, 0.3 mL) and CO2 (10 mL) was carried out for one hour at 
room temperature in a 10 mL autoclave. Afterwards, the reactor was depressurized and the 
vial with the product was taken and weighed. The product solution was a cloudy mixture of a 
white solid and a yellow liquid. A sample of the product mixture was analyzed by NMR (1H, 
13C, HMQC, COSY): 67.1 mg of product mixture were diluted in CDCl3 (0.5 mL).  
Product treatment: The product mixture was stirred with pentane (8 mL), stirred for 30 min, 
filtrated, washed with pentane (3 x 2 mL) and dried under vacuum (RT).  
Characterization: A sample of both, the solid product and the liquid, was analyzed by IR and 
NMR (1H, 13C): 60 mg solid product in CDCl3 (0.6 mL) and 0.1 mL liquid filtrate in 
(CD3)2CO-d6 (0.5 mL). The product was identified as cyclohexylammonium carbamic salt (2) 
in both analyses (before and after pentane treatment). 0.27 g was isolated. Triethylamine was 
the only compound found in the filtrate. 
 
n-butylamine: A neat reaction of n-butylamine (219.42 mg, 3 mmol, 0.30 mL), triethylamine 
(303.3, 3 mmol, 0.4 mL) and CO2 (10 bar) was carried out  for one hour at room temperature 
in a 10 mL autoclave. Afterwards, the reactor was depressurized and the vial with the product 
was taken and weighed. The product mixture was a yellow, viscous liquid. A sample of the 
product mixture was analyzed by NMR (1H, 13C, HMQC, COSY): 0.2 mL of product mixture 
Before 
filtration 
After 
filtration 
NEt3 
NEt3 
x 
x x 
x x 
CDCl3 
x = Octylammonium octylcarbamate 
x 
Figure 2.4-2: 1H-NMR (RT) of the product before (above) and after (bellow) pentane treatment and filtration 
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was diluted in CDCl3 (0.5 ml). The product was identified as a mixture of butylammonium 
butylcarbamate (3) and triethylammonium butylcarbamate (4). 
Product treatment: The product mixture was stirred with pentane (8 mL), stirred for 30 min, 
filtrated, washed with pentane (3 x 2 mL) and dried under vacuum (RT).  
Characterization: A sample of both the solid product and the liquid, was analyzed by IR and 
NMR (1H, 13C): 58 mg solid product in CDCl3 (0.6 mL) and 0.1 mL liquid filtrate in 
(CD3)2CO-d6 (0.5 mL). The product was identified as butylammonium carbamic salt (3) after 
treatment with pentane. The carbamic salt with NEt3 decomposed and the terciary amine was 
washed away. 0.22 g of solid product was isolated. Triethylamine was the only compound 
found in the filtrate. 
 
 
 
 
Formula: C11H26N2O2 
Molar mass: 218.34 g/mol 
Yield: 53 % (before pentane treatment) 
IR (Neat): 3325.11, 2975.71, 2947.16, 2849.12, 2752.14, 1570.89, 1465.31, 1379.42, 
1295.39 cm-1  
1H-NMR (300 MHz, CDCl3): δ = 0.86 (t, 3 H, CH3), 1.10 (t, 9 H, CH3), 1.31 (m, 2 H, CH2), 
1.56 (m, 2 H, CH2), 2.53 (t, 6 H, CH2), 3.01 (t, 2 H, CH2), 10.28 (brs, 1 H, NH) ppm 
13C-NMR (75 Hz, CDCl3): δ = 8.51 (CH3), 11.92 (CH3), 18.07 (CH2), 30.25 (CH2), 38.64 
(CH2), 43.17 (CH2), 42.35 (CH2), 161.55 (COO-) ppm 
 
 
- Solvent effect 
Several reactions were carried out as described above, but in the presence of 5 mL of a solvent 
(acetonitrile, dichloromethane, tetrahydrofurane and propylene carbonate). 1H &13C-NMR 
and IR analysis of each product demonstrated that alkylammonium carbamic salts were the 
only product formed in all these reactions. 
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- N,N-Diisopropylamine as a base 
n-octylamine: A neat reaction of n-octylamine (283.72 mg, 2 mmol, 0.36 mL), N,N-
diisopropylamine (258.42 mg, 2 mmol, 0.35 mL) and CO2 (10 bar) was carried out for one 
hour at room temperature in a 10 mL autoclave. Afterwards, the reactor was depressurized 
and the vial with the product was taken and weighed. The product mixture was a cloudy liquid. 
A sample of it was analyzed by IR & NMR (1H, 13C, COSY): 79.3 mg of product mixture in 
CDCl3 (0.5 mL). The only product identified was octylammonium carbamic salt (1). 
 
n-butylamine: A neat reaction of n-butylamine (221.12 mg, 3 mmol, 0.30 mL), N,N-
diisopropylamine (256.77 mg, 3 mmol, 0.35 mL) and CO2 (10 bar) was carried out for one 
hour at room temperature in a 10 mL autoclave. Afterwards, the reactor was depressurized 
and the vial with the product was taken and weighed. The product mixture was a cloudy liquid. 
A sample of it was analyzed by IR & NMR (1H, 13C, COSY): 74.2 mg of product mixture in 
CDCl3 (0.5 mL). The only product identified was butylammonium carbamic salt (3). 
 
 
- DBU as a base 
n-octylamine: A neat reaction of n-octylamine (387.1 mg, 3 mmol, 0.54 mL), DBU (456.72 
mg, 3 mmol, 0.45 mL) and CO2 (10 bar) was carried out  for one hour at room temperature in 
a 10 mL autoclave. Afterwards, the reactor was depressurized and the vial with the product 
was taken and weighed. The product mixture was a viscous liquid. A sample of it was analyzed 
by IR and NMR (1H and 13C): 157.1 mg of product mixture in CDCl3 (0.5 mL). The product 
was identified as carbamic salt (5). 
 
 
 
 
 
Formula: C18H35N3O2 
Molar mass: 325.50 g/mol 
Isolated product: 0.90 g 
Yield: 100 % 
IR (Neat): 3312. 50, 3085.81, 2953.04, 2852.23, 1646.22, 1570.28, 1405.30, 1365.34 cm-1  
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1H-NMR (300 Hz, CDCl3): δ = 0.88 (t, 3 H, CH3), 1.28 (m, 10 H, CH2), 1.47 (m, 2 H, CH2), 
1.63-1.85 (brs, 6 H, CH2), 2.01 (q, 2 H, CH2), 2.87 (brs, 2 H, CH2), 3.11 (t, 2 H, CH2), 3.27 
(t, 2 H, CH2), 3.47 (q, 4 H, CH2), 4.58 (brs, 1 H, NH), 12.05 (brs, 1 H, NH)  ppm. 
13C-NMR (75 Hz, CDCl3): δ = 14.1 (CH3), 19.99 (CH2), 22.63 (CH2), 24.42 (CH2), 27.06 
(CH2), 27.16 (CH2), 29.18 (CH2), 29.27 (CH2), 29.44 (CH2), 30.82 (CH2), 31.79 (CH2), 32.27 
(CH2); 38.62 (CH2), 41.91 (CH2), 48.62 (CH2), 53.94 (CH2), 163.93 (COO-), 164.82 (C) ppm. 
 
n-butylamine: A neat reaction of n-butylamine (220.2 mg, 3 mmol, 0.30 mL), DBU (455.81 
mg, 3 mmol, 0.45 mL) and CO2 (10 bar) was carried out  for one hour at room temperature in 
a 10 mL autoclave. Afterwards, the reactor was depressurized and the vial with the product 
was taken and weighed. The product mixture was a viscous liquid. A sample of it was analyzed 
by NMR (1H and 13C):151.2 mg of product mixture of CDCl3 (0.5 mL). The product was 
identified as carbamic salt (6). 
 
 
 
 
 
 
Formula: C14H27N3O2  
Molar mass: 269.39 g/mol 
Isolated product: 0.82 g 
Yield: 100 % 
IR (Neat): 3315. 10, 3045.33, 2997.11, 2856.28, 1613.22, 1588.91, 1366.72 cm-1 
1H-NMR (300 MHz, CDCl3): δ = 0.86 (t, 3 H, CH3), 1.22-1.44 (t, 4 H, CH2), 1.57-1.75 (m, 
6 H, CH2), 1.92 (quin, 2H, CH2), 2.73 (t, 2 H, CH2), 3.03 (t, 2 H, CH2), 3.36 (t, 2 H, CH2), 
3.42 (q, 4 H, CH2), 4.46 (brs, 1 H, NH), 12.44 (brs, 1 H, NH) ppm 
13C-NMR (75 Hz, CDCl3): δ = 13.81 (CH2), 19.97 (CH2), 20.16 (CH2), 24.44 (CH2), 27.12 
(CH2), 29.05 (CH2), 32.76 (CH2), 32.86 (CH2), 39.16 (CH2), 41.37 (CH2), 48.21 (CH2), 53.55 
(CH2), 163.42 (COO-), 164.64 (C) ppm. 
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- Thermal stability 
A sample of every synthesized carbamic salt (ca. 100 mg) was transferred into a NMR tube 
and CDCl3 (0.6 mL) was added as a solvent. The tubes were heated at different temperatures 
(from 40 to 110°C) in an oil bath for 30 minutes. Each sample was analyzed by NMR (1H and 
13C) after every heating cycle. The samples were heated until the carbamate species could no 
longer be observed in the NMR analysis. 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of NEt3 as an additional base and PCl3 as dehydration 
agent  
7.5 mL of a PCl3 / acetonitrile solution (0.4 M) were inserted in a flask under argon. A reaction 
of n-octylamine (388.0 mg, 3 mmol, 0.5 mL), triethylamine (328.80 mg, 3 mmol, 0.45 mL) 
and CO2 (20 bar) was carried out in acetonitrile (7.5 mL) for one hour at room temperature in 
a 20 mL autoclave. Afterwards, the autoclave was depressurized. The product mixture in the 
autoclave was removed with a syringe under argon and was carefully transferred into the flask 
with a PCl3 solution placed in an ice bath. The mixture was stirred under reflux at 0 °C (ice 
bath) for 10 minutes. The reaction was further stirred at room temperature for one hour. At 
the beginning of the stirring, the solution was cloudy, but after a while it took on a yellow 
color.  
Characterization: The product mixture collected was a yellow, cloudy solution. 0.4 mL of the 
product was transferred into a NMR tube, the solvent (acetonitrile) was distilled under vacuum 
and 0.5 mL of DMSO-d6 was added for analysis (1H and 13C-NMR). A sample was also 
analyzed by IR and MS. n-octylisocyanate (7) was identified as a product. 
Quantification: The product mixture was placed in a rotary evaporator and the solvent was 
evaporated. A sample was analyzed by GC: 90.8 mg of product in 1 mL DCM and 24.7 mg 
of n-decane as standard.  
 
   
 
Formula: C9H17NO 
Molar mass: 155 g/mol 
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Conversion (GC): 78 % 
Selectivity (GC): 80 % 
IR (Neat): 2954.9, 2922.16, 2869.95, 2849.95, 2252.43 (-NCO) 
1H-NMR (300 Hz, CDCl3): δ = 0.88 (t, 3 H, CH3), 1.28 (m, 10 H, CH2), 1.47 (m, 2 H, CH2), 
3.23 (t, 2 H, CH2) ppm. 
13C-NMR (75 Hz, CDCl3): δ = 14.1 (CH3), 22.52 (CH2), 26.47 (CH2), 28.87 (CH2), 29.14 
(CH2), 31.14 (CH2), 31.71 (CH2); 42.9 (CH2); 122.3 (C) ppm. 
GC-MS: m/z: 41 (100%), 56 (85), 69 (20), 85 (25), 99 (73), 112 (23), 126 (12) 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of NEt3 as an additional base and molecular sieves 4 Å as 
a dehydration agent 
Synthesis in flask: A reaction of n-octylamine (3 mmol, 0.5 mL), triethylamine (3 
mmol, 0.45 mL) and CO2 (20 bar) was carried out in acetonitrile (7.5 mL) for one hour at 
room temperature in a 20 mL autoclave. Afterwards, the autoclave was depressurized. The 
solution was collected with a syringe and it was added to a flask with molecular sieves 4 Å 
(ca. 0.5 g previously dried at 400 °C under vacuum and kept under Ar). The reaction was 
stirred for 24 h at room temperature.  
Characterization: The product was collected for IR and 1H/13C-NMR analysis: 0.4 mL of the 
product was added into a NMR tube, the solvent (acetonitrile) was distilled under vacuum and 
0.5 mL of DMSO-d6 was added for analysis. Octylammonium carbamic salt (1) was identified 
as a product. 
 
Synthesis in autoclave: Two reactions of n-octylamine (3 mmol, 0.5 mL), 
triethylamine (3 mmol, 0.45 mL) and CO2 (20 bar) were carried out in acetonitrile (7.5 mL) 
for one hour at room temperature in a 20 mL autoclave. Afterwards, the autoclaves were 
depressurized and each solution was removed with a syringe under argon and transferred into 
a different autoclave with molecular sieves 4 Å (ca. 0.5 g) under argon. Subsequently, the 
reactor was pressurized with CO2 (20 bar). Both reactions were stirred for 24 h, one at room 
temperature and the other at 150 °C. The autoclave at room temperature was depressurized 
directly and the autoclave at 150°C was first cooled down to room temperature. 
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Characterization: the product solutions were analyzed by IR and NMR (0.5 mL of product 
mixture in 0.1 mL CDCl3).  
At room temperature, the only compound detected was octylammonium carbamic salt (1). 
However, at 150 °C N,N´-dioctylurea (8) was identified as a product. The solvent was 
evaporated and a sample was analyzed by GC to determine the quantity of urea derivative 
formed: 104.8 mg of product in 1 mL DCM and 25.3 mg of n-decane as standard.  
 
 
 
 
Formula: C17H36N2O 
Molar mass: 284.46 g/mol 
Yield (GC) = 26 % 
1H-NMR (300 Hz, CDCl3): δ = 0.88 (t, 6 H, CH3), 1.31 (m, 20 H, CH2), 1.52 (m, 4 H, CH2), 
3.04 (q, 4 H, CH2), 5.4 (brs, 2 H, NH) ppm 
13C-NMR (75 Hz, CDCl3): δ = 14.10 (CH3), 22.76 (CH2), 26.42 (CH2), 29.12 (CH2), 29.45 
(CH2), 30.46 (CH2), 31.92 (CH2); 40.26 (CH2); 168.35 (C) ppm 
EA: calculated for C17H36N2O = C, 71.83 %; H, 12.67 %; N, 9.85 %; found = C, 70.55 %; H, 
12.71 %; N, 9.71 % 
GC-MS: m/z: 41 (100 %), 56 (50), 69 (25), 86 (15), 99 (30), 112 (10), 130 (15), 156 (15), 
213 (18), 227 (15), 241 (8), 255 (6), 284 (5) 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of NEt3 as an additional base and Montmorillonite clay 
K-10 as dehydration agent 
A reaction of n-octylamine (3 mmol, 0.5 mL), triethylamine (3 mmol, 0.45 mL) and CO2 (20 
bar) was carried out in acetonitrile (7.5 mL) for one hour at room temperature in a 20 mL 
autoclave. Afterwards, the autoclave was depressurized and the product solution was 
transferred to a different autoclave with Montmorillonite clay K-10 (71.0 mg, 25 % wt.) under 
argon. The reactor was pressurized with 10 bar CO2 and the mixture was stirred for 24 h at 
(8) 
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150 °C. The autoclave was cooled down in ice and depressurized. A white cloudy product 
appeared.  
Characterization: The product mixture was analyzed by NMR (1H and 13C): 0.5 mL of product 
solution in 0.1 mL CDCl3. Octylammonium carbamic salt (1) was identified as a product. 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of NEt3 as an additional base and calcium oxide as a 
dehydration agent 
A reaction of n-octylamine (3 mmol, 0.5 mL), triethylamine (3 mmol, 0.45 mL) and CO2 (20 
bar) was carried out in acetonitrile (7.5 mL) for one hour at room temperature in a 20 mL 
autoclave. After autoclave depressurization, the product mixture was removed with a syringe 
and transferred to a different autoclave with calcium oxide (31.0 mg, 8 % wt.) under argon. 
The reaction was carried out at 150 °C under different conditions: a) without CO2 for 24 h, b) 
with 10 bar and 20 bar CO2 for 24 h, c) with 20 bar CO2 for 72 h. The autoclave was cooled 
down in an ice bath and depressurized. The product mixture appearing in all the reactions was 
a white, cloudy solution.  
Characterization: The product mixture was analyzed by NMR (1H and 13C): 0.5 mL of product 
solution in 0.1 mL CDCl3. Octylammonium carbamic salt (1) was identified as product in all 
these reactions. 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of NEt3 as an additional base, molecular sieves 4 Å and 
Cs2CO3 and Na2CO3 as a catalyst 
A reaction of n-octylamine (3 mmol, 0.5 mL), triethylamine (3 mmol, 0.45 mL) and CO2 (20 
bar) was carried out in acetonitrile (7.5 mL) for one hour at room temperature in a 20 mL 
autoclave. After autoclave depressurization, the product mixture was removed with a syringe 
and transferred to a flask with molecular sieves 4 Å (ca. 0.5 g) and Cs2CO3 (97.75 mg, 0.3 
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mmol). The reaction was stirred at 0 °C (ice bath), 25 °C, 62 °C and 82 °C (the last two under 
reflux) for 24 h without CO2.  
Characterization: The product was analyzed by IR and NMR (1H & 13C): 0.2 mL of the product 
mixture in 0.5 mL of CDCl3. No reaction took place in any of the experiments. 
Octylammonium carbamic salt (1) was the only substance identified in the analysis when the 
reaction was carried out at room temperature or 0 °C, but at higher temperatures it decomposed 
and only n-octylamine was classified in the product mixture. 
The same reaction was carried out with Cs2CO3 (97.31 mg, 0.3 mmol) in an autoclave at 150 
°C and 20 bar CO2 for 24 h. N,N´-dioctylurea (8) was identified as a product.  
Quantification: The solvent was evaporated and a sample was analyzed by GC to determine 
the quantity of urea derivative formed: 98.4 mg of product in 1 mL DCM and 24 mg of n-
decane as standard. Yield = 34 %. 
The same process was performed using Na2CO3 (33.0 mg, 0.3 mmol) as a catalyst instead of 
Cs2CO3. The reaction was carried out at room temperature for 24 h without CO2. No reaction 
took place. 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of NEt3 as an additional base, molecular sieves 4 Å and 
DBTDL as a catalyst 
Two reactions of n-octylamine (3 mmol, 0.5 mL), triethylamine (3 mmol, 0.3 mL) and CO2 
(20 bar) were carried out in acetonitrile (7.5 mL) for one hour at room temperature in a 20 mL 
autoclave. After autoclave depressurization, the product mixture was collected with a syringe 
and transferred to two different autoclaves with molecular sieves 4 Å (ca. 0.5 g) and dibutyltin 
dilaureate (0.19 mmol, 0.13 mL). The reactors was pressurized with CO2 (20 bar). One of the 
reactions was stirred at 150 °C for 12 h and the other at 200 °C for 24 h. After reaction, the 
autoclaves were cooled down in an ice bath and vented. The product solutions were taken with 
a syringe. In both cases, an orange, cloudy product mixture was formed (Figure 2.4-3).  
Characterization: A sample of the product mixture was analyzed by NMR (0.2 mL of product 
mixture in 0.5 mL of CDCl3). Both proton and carbon NMR spectra showed several unknown 
peaks in both reactions and only N,N´-dioctylurea (8) could be identified (Figure 2.4-3). A 
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sample of each reaction was also analyzed by GC-MS. These analyses confirmed that n-
octylacetamide (9) was formed as a by-product. Several small peaks remained unidentified. 
Quantification: The solvent was evaporated and a sample was analyzed by GC to determine 
the quantity of urea derivative formed: ca. 100 mg of product mixture in 1 mL DCM and ca. 
25 mg of n-decane as standard. Yields = 56% (reaction 150 °C) and 48 % (reaction 200 °C). 
.  
 
 
 
Formula: C10H21NO 
Molar mass: 171.30 g/mol 
GC-MS: m/z: 43 (100%), 60 (30), 72 (85), 86 (30), 100 (25), 114 (20), 128 (12), 142 (8), 156 
(15) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of DBU as an additional base and molecular sieves 4 Å as 
a dehydration agent 
A neat reaction of n-octylamine (2 mmol, 0.34 mL), DBU (2 mmol, 0.3 mL) and CO2 (20 bar) 
was carried out in a 10 mL autoclave for one hour at room temperature. After autoclave 
N
H
(11)
C
O
9) 
 
x 
x 
x 
x 
x 
  7.2     6.8     6.4     6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8    0.4   ppm 
 
x x 
x = N,N-dioctylurea 
x = unidentified compound/-s 
 
CDCl3 
x 
Figure 2.4-3: 1H-NMR (RT) of the product mixture obtained in the reaction at 200 °C. 
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depressurization, the product mixture was removed with a syringe and transferred into a 
different autoclave with molecular sieves 4 Å (ca. 0.5 g) and acetonitrile (3 mL). The reactor 
was pressurized with 20 bar CO2 and stirred for 24 h at 150 °C. Afterwards, the autoclave was 
cooled in ice and depressurized. The product was taken with a syringe. 
Characterization: A sample of the product was analyzed by 1H &13C-NMR (0.2 mL of product 
mixture in 0.5 mL of CDCl3). N,N´-dioctylurea (8) was the only product observed. The solvent 
was evaporated and a sample was analyzed by GC to determine the quantity of urea formed: 
88.3 mg of product in 1 mL DCM and 26.2 mg of n-decane as standard. Yield = 23 %. 
 
 
 Reaction between n-octylamine and CO2 in the presence 
of DBU as an additional base and DBTDL as a catalyst 
A neat reaction of n-octylamine (2 mmol, 0.34 mL), DBU (2 mmol, 0.3 mL) and CO2 
(20 bar) was carried out in a 10 mL autoclave for one hour at room temperature. After 
autoclave depressurization, the product mixture was removed with a syringe and transferred 
into a different autoclave with DBTDL (126.6 mg, 0.2 mmol, and 0.15 mL) and acetonitrile 
(3 mL). The reactor was pressurized with 20 bar CO2 and stirred for 24 h at 150 °C. 
Afterwards, the autoclave was cooled in ice and depressurized. The product was removed with 
a syringe. 
Characterization: A sample of the product was analyzed by 1H &13C-NMR (0.2 mL of product 
mixture in 0.5 mL of CDCl3). N,N´-dioctylurea (8) was the only product observed. The solvent 
was evaporated and a sample was analyzed by GC to determine the quantity of urea formed: 
108.7 mg of product in 1 mL DCM and 27.0 mg of n-decane as standard. Yield = 55 %. 
 
 
 Reaction between n-butylamine and CO2 in the presence 
of methanol as an additional base and Cs2CO3 as a 
catalyst 
A reaction of n-butylamine (5 mmol, 0.5 mL), methanol (50 mmol, 2 mL) and CO2 (25 bar) 
was carried out in a 10 mL autoclave with Cs2CO3 (0.3-0.7 mmol) for 4 or 24 hour at 170 °C 
65 
 
 
or 200 °C. Afterwards, the autoclave was cooled in ice and depressurized. The product was 
taken with a syringe and characterized. 
Quantification: A sample of product (ca. 0.2 mL) was transferred to a NMR tube and weighed; 
tetrahydrofurane (THF) (ca. 25 mg, weighed in every analysis) was added as an internal 
standard and CDCl3 was used as a deuterated solvent. N,N´-dibutylurea (10) and methyl-
butylcarbamate (11) were quantified by 1H-NMR, comparing the integration of the urea 
derivative peak at 3.10 ppm and the carbamate peak at 2.80 ppm to the THF signal at 1.85 
ppm.  
 
 
 
 
Formula: C9H20N2O 
Molar mass: 172.16 g/mol 
1H-NMR (300 Hz, CDCl3): δ = 0.88 (t, 6 H, CH3), 1.31 (m, 4 H, CH2), 1.41 (m, 4 H, CH2), 
3.10 (q, 4 H, CH2), 5.1 (brs, 2 H, NH) ppm 
13C-NMR (75 Hz, CDCl3): δ = 13.85 (CH3), 20.10 (CH2), 32.61 (CH2), 40.12 (CH2), 159.23 
(C) ppm 
 
 
 
 
 
Formula: C6H13NO2 
Molar mass: 131.09 g/mol 
1H-NMR (300 Hz, CDCl3): δ = 0.88 (t, 3 H, CH3), 1.31 (m, 2 H, CH2), 1.49 (m, 2 H, CH2), 
2.80 (q, 2 H, CH2), 3.48 (s, 3 H, CH3), 5.51 (brs, 2 H, NH) ppm 
13C-NMR (75 Hz, CDCl3): δ = 13.74 (CH3), 20.29 (CH2), 30.78 (CH2), 39.78 (CH2), 53.08 
(CH3), 160.81 (C) ppm 
 
 
 
 (10) 
 (11) 
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 Reaction between n-butylamine and CO2 in the 
presenceof a dehydrating agent 
Two reactions of n-butylamine (3 mmol, 0.3 mL) and CO2 (20 bar) were carried out in the 
presence of two different dehydration agents: a) molecular sieves 4 Å (ca. 0.5 g), b) 
Montmorillonite K-10 (100 mg). Toluene (1.5 mL) was used as a solvent. The reactions were 
performed for 24 h at 190 °C in a 10 mL autoclave. After reaction, the autoclave was cooled 
down in ice and vented. The product solutions were removed with a syringe. Both product 
mixtures were white, cloudy liquids.  
Characterization: A sample of each product (ca. 0.2 mL) was transferred to a NMR tube and 
CDCl3 (0.4 mL) was used as a deuterated solvent.N,N´-dibutylurea (10) was identified by 1H 
and 13C-NMR in the reaction with molecular sieves. The reaction with Montmorillonite K-10 
only led to the formation of butylammonium carbamic salt (3).  
Quantification: A sample of the urea derivative product mixture was transferred to a NMR 
tube and weighed (154.1 mg). THF (25.3 mg) and CDCl3 (0.5 mL) were added as an internal 
standard and solvent, respectively. N,N´-dibutylurea was quantified by 1H-NMR, comparing 
the integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm. Yield = 90%. 
 
Table 7: Reaction between n-butylamine, methanol and CO2 in the presence of Cs2CO3 as 
a catalyst under different conditions 
Entry 
T  
[°C] 
r.t 
[h] 
Cs2CO3 
[mmol] 
Ycarb 
 [%] 
Yurea 
 [%] 
1 170 4 -- -- -- 
2 170 4 0.31 2 16 
3 170 24 0.33 14 29 
4 170 24 0.72 14 34 
5 200 24 0.37 30 32 
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 Reaction between n-butylamine and CO2 in the presence 
of Cs2CO3 as a catalyst 
Cs2CO3 (ca. 50 mg, 0.15 mmol) was placed into two autoclaves (10 mL). n-butylamine (10 
mmol, 1.0 mL) and the solvent (toluene or NMP, 1.5 mL) were added into the autoclaves and 
pressurized with 30 bar CO2. The reactions were carried out for 24 h at 190 °C. The reactors 
were cooled down in ice and depressurized. 
Quantification: A sample of each product (ca. 0.2 mL) was transferred to a NMR tube and 
weighed; THF (ca. 25 mg, weighed in every analysis) was added as an internal standard and 
CDCl3 was used as a deuterated solvent. N,N´-dibutylurea (10) was quantified by 1H-NMR, 
comparing the integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm. 
Yield (Toluene) = 40 %; Yield (NMP) = 57 %. 
 
 
 Reactions between n-butylammonium carbamate and 
CO2 in presence of Cs2CO3 as catalyst 
Two reactions of n-butylamine (10 mmol, 1.0 mL) and CO2 (30 bar) in toluene or NMP (2.5 
mL) were carried out in two autoclaves for one hour at room temperature. After autoclave 
depressurization, the product solutions were collected with a syringe and transferred to a 
different autoclave with Cs2CO3 (ca. 50 mg, 0.15 mmol) under argon. The reactions were 
carried out at 190°C and 30 bar for 24 h. The reactors were cooled down in ice and 
depressurized. The product mixtures were collected with a syringe. 
Quantification: A sample of each product (ca. 0.2 mL) was transferred to a NMR tube and 
weighed; THF (ca. 25 mg, weighed in every analysis) was added as internal standard and 
CDCl3 was used as a deuterated solvent. N,N´-Dibutylurea (10) was quantified by 1H-NMR, 
comparing the integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm. Yield 
(Toluene) = 46 %; Yield (NMP) = 62 %. 
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 Reactions between n-butylamine and CO2 in the 
presence of Co(acac)3 as a catalyst 
Co(acac)3 (ca. 70 mg, 0.20 mmol) were placed into two autoclaves (10 mL). n-butylamine (10 
mmol, 1.0 mL) and the solvent (toluene or NMP, 1.5 mL) were injected into the autoclave. 
The reaction was pressurized with 30 bar CO2 and heated to 190 °C. The mixture was stirred 
for 24 h. The reactors were cooled down in ice and depressurized. The product mixture was 
removed with a syringe. 
Quantification: A sample of each product (ca. 0.2 mL) was transferred to a NMR tube and 
weighed; THF (ca. 25 mg, weighed in every analysis) was added as an internal standard and 
CDCl3 was used as a deuterated solvent. N,N´-dibutylurea (10) was quantified by 1H-NMR, 
comparing the integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm.  
Yield (Toluene) = 78 %; Yield (NMP) = 73 %. 
 
 
 Reactions between n-butylammonium carbamate and 
CO2 in the presence of Co(acac)3 as a catalyst 
A reaction of n-butylamine (10 mmol, 1.0 mL) and CO2 (30 bar) in toluene or NMP (2.5 mL) 
was carried out in two autoclaves for one hour at room temperature. After autoclave 
depressurization, the product solutions were removed with a syringe and transferred to a 
different autoclave with Co(acac)3 (ca. 70 mg, 0.20 mmol). The reactions were carried out at 
190 °C and 30 bar for 24 h. The reactors were cooled down in ice and depressurized. The 
product mixtures were removed with a syringe.  
Quantification: A sample of each product (ca. 0.2 mL) was transferred to a NMR tube and 
weighed; THF (ca. 25 mg, weighed in every analysis) was added as an internal standard and 
CDCl3 was used as a deuterated solvent. N,N´-dibutylurea (10) was quantified by 1H-NMR, 
comparing the integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm.  
Yield (Toluene) = 86 %; Yield (NMP) = 99 %. 
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 Reactions between n-butylamine and CO2 in the 
presence of Cs2CO3 or Co(acac)3 as a catalyst: Carbamate 
preformation at RT and further reaction at 190 °C 
Co(acac)3 (73.1 mg, 0.20 mmol) or Cs2CO3 (51.4 mg, 0.15 mmol) were put into a 10 mL 
autoclave. Toluene (2.5 mL) and n-butylamine (10 mmol, 1.0 mL) were transferred into the 
reactor and CO2 (30 bar) was subsequently pressurized. Both reactions were carried out for 
two hours at room temperature. Afterwards, the reactors were heated to 190 °C and stirred 
further for 22 h. Finally, the autoclaves were cooled down in ice and depressurized. The 
product mixtures were removed with a syringe. 
Quantification: A sample of each product was transferred to a NMR tube and weighed (ca. 
150 mg); THF (ca. 25 mg) was added as an internal standard and CDCl3 was used as a 
deuterated solvent. N,N´-dibutylurea (10) was quantified by 1H-NMR, comparing the 
integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm.  
Yield (Co(acac)3) = 83 %; Yield (Cs2CO3) = 47 %. 
 
 
 Reactions between n-butylamine and CO2 in the 
presence of Co(acac)3 as a catalyst and molecular sieves 
4 Å as dehydration agent 
Three reactions of n-butylamine (10 mmol, 1.0 mL) and CO2 (30 bar) in NMP (2.5 mL) were 
carried out in a 10 mL autoclave for one hour at room temperature. After autoclave 
depressurization, each product mixture was removed with a syringe and transferred to a 
different autoclave (10 mL) with Co(acac)3 (ca. 70 mg, 0.20 mmol) and molecular sieves 4 Å 
(ca. 0.5 g). The reactors were pressurized with 30 bar CO2. The reactions were carried out for 
24 h at 190 °C, 160 °C and 130 °C, respectively. The reactors were cooled down in ice and 
depressurized. A sample of product was transferred to a NMR tube and weighed (ca. 150 mg). 
Tetrahydrofurane (THF) (ca. 25.0 mg) was added as an internal standard and CDCl3 (0.5 mL) 
was used as a deuterated solvent. N,N´-dibutylurea (10) was quantified by 1H-NMR, 
comparing the integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm.  
Yield (190 °C) = 99 %; Yield (160 °C) = 99 %; Yield (130 °C) = 70 %. 
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 Reactions between n-butylamine and CO2 in presence of 
Co(acac)3 as catalyst and SiO2 as dehydration agent 
A reaction of n-butylamine (10 mmol, 1.0 mL) and CO2 (30 bar) in NMP (2.5 mL) was carried 
out in a 10 mL autoclave for one hour at room temperature. After autoclave depressurization, 
the product mixture was taken with a syringe and transferred to a different autoclave (10 mL) 
with Co(acac)3 (71.25 mg, 0.20 mmol) and SiO2 (100 mg). The reaction was carried out for 
24 h at 190 °C and 30 bar CO2. The reactor was cooled down in ice and depressurized. The 
product mixture was removed with a syringe. 
Quantification: A sample of product was transferred into a NMR tube and weighed (172.3 
mg); THF (24.7 mg) added as an internal standard and CDCl3 (0.5 mL) was used as a 
deuterated solvent. N,N´-dibutylurea (10) was quantified by 1H-NMR, comparing the 
integration of the urea peak at 3.10 ppm to the THF signal at 1.85 ppm. Yield = 82 % 
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 Summary and conclusion 
Urea derivatives, together with carbamates and isocyanates, represent an important 
class of carbonyl compounds that could be synthesized from amines and CO2. These 
substances are industrially produced, using phosgene as a carbon source. For this reason, new 
processes must be developed in order to replace the current techniques. Carbamates, 
isocyanates and urea derivatives are related compounds. Thermal decomposition of 
carbamates leads to isocyanates and alcohol, and the same procedure with urea derivatives 
results in isocyanate and amine. Amines can also react with compounds such as isocyanates, 
formamides or carbamates in the presence of a transition metal catalyst to produce urea 
derivatives.  
Carbamic salts are easily formed by coupling a molecule of CO2 with two molecules 
of an amine, whereas the same reaction to isocyanates or urea derivatives is 
thermodynamically limited. Carbamic species can form isocyanates and ureas via 
dealcoholysis, dehydration and thermal decomposition at elevated temperatures (150-200 °C). 
This fact led several researchers and us to consider the possibility of utilizing these species as 
intermediates for the production of isocyanate or urea derivatives. For this purpose, the 
synthesis and the properties of several carbamic salts from n-octylamine, n-butylamine and 
cyclohexylamine and CO2 were investigated. From these studies, it was concluded that the 
amines react spontaneously with CO2 at room temperature, generating ammonium carbamic 
salts. The stability of these species depends on the alkyl chain, e.g. octylammonium 
octylcarbamate decomposes at 90 °C, whereas butylammonium or cyclohexylammonium 
carbamates decompose at 50 °C. As far as the solubility is concerned, these carbamic salts are 
more soluble in polar organic solvents, such as NMP, than in apolar liquids, such as toluene.  
Additional bases can be also added to the reaction of CO2 with primary amines in 
order to deprotonate the amine and form a carbamate salt, avoiding the formation of n-
alkylammonium cations. Even though triethylamine has been used by several researchers to 
deprotonate primary amines, we could conclude that this base is not strong enough to generate 
stable salts. These salts are very sensitive and tend to form n-alkylammonium carbamic salts, 
preventing a proper isolation. However, when DBU was tested as base, the expected carbamic 
salts were formed under mild conditions, being stable to temperatures of 110 °C. 
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 The next step was to study the effect of several dehydration agents and catalyst 
on the reaction between primary amines and CO2. Starting with the reproduction of one of the 
published methods, n-octylisocyanate could be generated from n-octylamine, NEt3 and CO2 
in a yield of 63 % in the presence of PCl3 as a dehydrating agent at room temperature.  
In order to avoid the use of toxic compounds like PCl3, alternative dehydration 
agents were tested together with the different carbamic salts synthetized (with and without 
extra base). Molecular sieves, Montmorillonite clay K-10 and calcium oxide were used alone 
or combined with some catalysts, such as cesium carbonate, sodium carbonate and dibutyltin 
dilaureate (DBTDL) at different temperatures, CO2 pressures and reaction times. The main 
product formed in these reactions was N,N´-dialkylurea, reaching yields of 99 % when n-
butylamine was used as a base, Co(acac)3 as a catalyst and NMP as a solvent at 190 °C and 
30 bar. Combining the properties of both, Co(acac)3 with molecular sieves 4 Å in NMP, also 
yields of 99 % to N,N´-dibutylurea were achieved at 160 °C, improving the reaction workup 
through the continuous removal of the water formed in the reaction. During this investigation, 
it was observed that the solvent also plays an important role in the synthesis, achieving better 
results in terms of conversion with NMP than with toluene. 
The formation of carbamate esters from CO2 was also studied. The synthesis of 
these species by the reaction of a primary amine with CO2 in the presence of an alcohol has 
been already published, therefore the reported procedure was followed. Combining n-
butylamine with CO2 in presence of methanol and Cs2CO3 as a catalyst at 200°C for 24 h, 
urethane and N,N´-dibutylurea in yields of 30 % and 32 %, respectively. 
Alkylammonium carbamic salts from CO2 and primary amines can be directly 
synthesized without using any additional base. Moreover, these compounds can be used as 
intermediates in the production of isocyanates and urea derivatives. In this research, we were 
able to demonstrate that carbamate salts can be completely converted into N,N´-dialkylureas 
in the presence of a catalyst at elevated temperatures. In contrast to isocyanates, urea 
derivatives are more stable and do not so easily react further to form other products. In 
addition, the synthesis of these compounds does not require additional bases to form the 
carbamate salt, avoiding its separation and facilitating the progress of the reaction. 
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3 Hydrogenation of CO2 to formic 
acid in the presence of amines 
 Introduction 
3.1.1 General 
 
Formic acid is the simplest naturally occurring carboxylic acid. As a technical 
product, it is used in various sectors, such as the chemical industry (manufacture of cleaners, 
pesticides, fertilizers and pharmaceuticals), agriculture (preparation of silage), textiles and 
leather (for tanning and bleaching), manufacturing of rubber (coagulating agent) and food and 
beverages (preservative). Also, its derivatives, such as ammonium formates, formamides or 
alkyl formates, are used in many applications like raw materials, intermediates or solvents in 
the chemical industry. Moreover, both formic acid and its derivatives could serve as possible 
storage materials for hydrogen or carbon monoxide.[140–146] This would provide a more 
feasible alternative for their transport, storage and handling and, consequently, open a new 
line of research in the chemical and energy sector. This fact has been discussed as one option 
in the so-called hydrogen economy. Formic acid contains ca. 4.4 wt % of hydrogen, therefore 
it could be used as hydrogen storage material. Moreover, the CO2 released in the production 
of hydrogen could be used again in the synthesis of formic acid, which would lead to a carbon-
neutral hydrogen storage.[141,147] 
Traditionally, formic acid is prepared by two different methods using CO as a 
source of carbon.[20] One method requires the formation of sodium formate by the reaction of 
sodium hydroxide with CO at 210 °C under pressure. Its subsequent cleavage via sulfuric acid 
addition yields the desired formic acid (Eq. 3.1-1 – 3.1-2). 
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The second method is based on the carbonylation of methanol to methyl formate, 
followed by its hydrolysis to formic acid and methanol, recovering the alcohol for the first 
step (Eq. 3.1-3 – 3.1-4). This is the main process used nowadays in the industry for the 
production of formic acid. 
 
 
 
 
Over the last years, many efforts have been made towards improving the catalytic 
hydrogenation of CO2 to formic acid and its derivatives, trying to develop both an active 
catalyst and an efficient process for the product isolation.[44,97,148] The importance of this 
reaction lies in two different concepts: the use of carbon dioxide as an environmentally 
friendly C1-building block and the production of specific compounds that could be used as 
chemical products as well as hydrogen storage materials. 
The annual production of formic acid worldwide is around 700,000 tons[10] and the 
hydrogenation of CO2 would lead to a consumption of approximately 105 tons CO2 per year. 
Still, the use of this gas as carbon source would not result in a significant reduction of the 
approximately 7 x 109 tons of anthropogenic CO2 added to the atmosphere every year.[82] 
However, it would lead to a greener formic acid process though the substitution of the 
currently used carbon monoxide for a benign gas. Considering that CO and H2 can be 
interchanged by the water-gas-shift-reaction (WGSR) and CO2 is an abundant, cheap and non-
harmful compound, the catalytic hydrogenation of CO2 shows an interesting alternative route 
for formic acid generation as opposed to the current carbonylation reactions.[10,13]   
The homogeneous catalytic hydrogenation of CO2 has been studied since the mid-
1970s.[96] The main focus has been the use of complexes of raw metals of groups 8 to 10 in 
the periodic table in combination with halides, hydrides or phosphines as ligands, normally at 
low temperatures and moderate pressures.[95,149–156] 
 
 
Eq. 3.1-2 
Eq. 3.1-1 
Eq. 3.1-4 
 
Eq. 3.1-3 
NaOH + CO HCOONa
2 HCOONa + H2SO4 2 HCOOH + Na2SO4
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Under standard conditions, the reaction between gaseous H2 and CO2 is exothermic 
but strongly endergonic (Eq. 3.1-5). This means that in order to favor the thermodynamics and 
to stabilize the product, working in a solution and the addition of a base to promote the reaction 
becomes very important. The presence of the base leads to proton transfer, which improves 
the enthalpy of the reaction (Eq. 3.1-6). Simultaneously, the dissolution of the gases favors 
the thermodynamics, leading to an exergonic reaction (Eq. 3.1-7).[20] 
 
 
 
 
 
 
Several bases, such as NaOH,[147,157] bicarbonates and carbonates,[147,158,159] di- and 
trialkylamines,[44,160]  guanidines,  amidines or imidazolium[161–163] diluted in a solvent (water, 
MeOH, EtOH, DMSO, THF, benzene, scCO2) in combination with a metal complex (Rh-, Ru-
, Ir-, Fe-, Co-, Pd-), have been successfully tested over the last 40 years. However, a major 
drawback when a basic compound participates in the reaction is the formation of an adduct 
instead of the pure formic acid as a product. In some cases, especially in non-aqueous systems, 
these adducts are not present as normal salts, but as azeotropes, where the amount of formic 
acid exceeds the concentration of the base, leading to HCO2H/base ratios of 1.3-2.[164,165] The 
cleavage of these adducts requires the implementation of an extra step, converting them into 
pure formic acid after the separation of the adducts from the catalyst. 
 
 
 
 
Eq. 3.1-6 
Eq. 3.1-7 
Eq. 3.1-5 
 
CO2(g) + H2(g) + NH3(aq) HCO2
-
(aq) + NH4
+
(aq)
G°=-9.5 kJ/mol; H°=-84.3 kJ/mol
CO2(g) + H2(g) HCO2H (l)
G°=32.8 kJ/mol; H°=-31.2 kJ/mol
CO2(aq) + H2(aq) + NH3(aq) HCO2
-
(aq) + NH4
+
(aq)
G°=-35.4 kJ/mol; H°=-59.8 kJ/mol
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3.1.2 Homogeneous catalytic hydrogenation of 
CO2 to formic acid 
 
As mentioned before (Chapter 3.1.1), the homogeneous catalytic hydrogenation of 
CO2 has been investigated since the 1970s. The group of Inoue was the first to publish the use 
of the Wilkinson catalyst RhCl(PPh3)3 for this reaction.[96] Ezhoba and his co-workers did 
further work on the topic and concluded that the activity of the catalyst depends strongly on 
the solvent. They obtained high rates in the presence of polar solvents such as DMSO or 
MeOH.[166] In the 1990s, with the work of Leitner and Noyori, an enormous progress in the 
understanding of the reaction took place.[20,82] Leitner proposed several reaction mechanisms 
of the rhodium catalyzed hydrogenation in both organic and aqueous systems. Some of the 
studies revealed that DMSO was the only solvent that did not lead to the formation of 
carbonato or bicarbonato complexes with neutral monohydridorhodium species like 
[RhH(dppp)2]. In addition, they found that complexes in this form, due to the two chelating 
phosphane ligands, are only moderately active catalysts. However, the combination of 
[{Rh(cod)(µ-H)}4] with 1,4-bis(diphenylphosphino)butane (dppb), where the ratio of Rh:P2 
was 1:1, resulted in a very active catalyst (Figure 3.1-1). Up to 2200 mole of formic acid per 
mole of catalyst precursor and TOF of 375 h-1 were obtained using triethylamine as a base and 
DMSO as a solvent, at mild conditions (p° = 40 bar, RT).[167] 
 
 
 
 
 
 
 
 
 
Figure 3.1-1: Reaction mechanism for the hydrogenation of CO2 to formic acid in the presence of Rh/dppb 
catalyst system with a ligand-metal ratio of 1:1; P = Ph2.[167] 
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Since the beginning of the research in this field, it has been demonstrated that the 
catalytic hydrogenation is favored by the addition of a small quantity of water as a 
promoter.[157] The reason why the presence of water enhances the reaction is not clear, but it 
is supposed that a hydrogen-bonding interaction between H2O and an oxygen atom of CO2 
takes place during the insertion of the latter into the metal-hydride bond. Other explanations 
are the hydrolysis of formate ligands or the capture of CO2 in the form of bicarbonate.[36]  
In the 1990s, Leitner and his co-workers demonstrated that in-situ formed Rh-
complex [RhCl(COD)]2/dppb in water did not show any activity.[95] On the contrary, changing 
to the complex RhCl(TPPTS)3 with dimethylamine as a base, a total pressure of 40 bar led to 
hydrogenation rates of 1365 h-1 and 7260 h-1 at 23 °C and 81 °C, respectively.[168] 
Around the same time, Noyori and Jessop reported the excellent behavior of a 
ruthenium complex in form of RuXY(PMe3)4 (X,Y = H,Cl or acetate) in supercritical CO2 
(scCO2) with different secondary and tertiary amines such as dimethylamine or 
triethylamine.[160] They demonstrated that the use of scCO2 as a solvent led to extremely high 
reaction rates, whereas lower rates were obtained by using common liquid solvents such as 
water, THF, CH3OH or CH3CN.[169] The high rates of hydrogenation can be attributed to the 
high solubility of H2 in scCO2 and the favored mass- and heat-transfer properties. Intensive 
studies in this field enabled Jessop et at. to achieve, in 2002, the highest hydrogenation rate 
obtained at that time: 95,000 h-1. This result was obtained using [RuCl(OAc)(PMe3)4] as a 
catalyst precursor, triethylamine as a base, C6F5OH as a co-catalyst and scCO2 as a solvent.[162] 
During their investigations, they also found that alcohols with a pKa smaller than that of the 
protonated amine (i.e pentafluorophenol, 3,5-bis(trifluoromethyl)phenol, 2,4-dinitrophenol or 
triflic acid) are very good promoters in hydrogenation, probably due to the liberation of an 
anionic ligand and the subsequent generation of a cationic species.[36] 
The group of Joò continued the research with TPPMS as a ligand in Ru-complexes 
(Figure 3.1-2). They were able to obtain TOF´s of 9600 h-1 in a reaction with NaHCO3 in H2O 
at 80 °C and 95 bar total pressure (H2:CO2 = 1.7:1).[170]  
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Using the same ligand (TPPMS), our group published the hydrogenation of CO2 in 
an IL/scCO2 biphasic system. Here the catalyst [Ru(cod)(methallyl)2]/PBu4TPPMS was 
immobilized in the imidazolium based ionic liquid EMIM NTf2, EMIM Cl was added as an 
additive and NEt3 was used as base. The reaction was carried out at 50 °C and 100 bar total 
pressure (H2:CO2=1:1), reaching turnover frequencies of 1032 h-1.[148] 
Although most of the catalysts developed for the hydrogenation of CO2 are 
ruthenium or rhodium-based complexes, the groups of Himeda and Nozaki reported about the 
reaction with iridium complexes, which had excellent results. Both groups used KOH as a 
base in aqueous media at overall pressures of 60 bar and 120 °C. In the same reaction time 
(48 h), Himeda and his co-workers obtained a TON of 222,000 with [Cp*Ir(phen)Cl]Cl, [157] 
whereas the group of Nozaki reached a TON of 3,500,000 in the presence of the pincer catalyst 
Ir(PNP)(H)3 [PNP = 2,6-bis-(diisopropylphosphinomethylene)pyridine]. Optimizing the latter 
reaction by a temperature increase to 200 °C led to a TOF of 150,000 h-1.[152] 
Non-precious metals, such as cobalt and iron were also tested for this reaction by 
the group of Beller and his co-workers. They published turnover frequencies of 194 h-1 for the 
synthesis of sodium formates using Co(BF4)2·6H2O and 377 h-1 for the same reaction with 
Fe(BF4)2·6H2O, both in the presence of tris(2-(diarylphosphino)aryl)phosphine.[153,159] 
However, the highlight of the non-precious catalyst in hydrogenation of CO2 has been recently 
reported by Linehan, reaching turnover frequencies of 74,000 h-1 using [Co(dmpe)2H] as a 
catalyst in the presence of the Verkade´s base (2,8,9-triisopropyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3,3,3]undecane) under mild conditions (21 °C and 20 bar overall 
pressure).[154] 
Both the synthesis of formic acid (- derivatives) and its decomposition can be 
carried out in the presence of the same homogeneous catalyst, but, depending on the reaction 
conditions, the equilibrium will be shifted to one or the other side.[82,167] In order to avoid the 
reverse reaction during the homogeneous hydrogenation, the product should be continuously 
separated from the catalyst, leading to the necessity of a proper system for product isolation. 
Figure 3.1-2: Ru-complex used by Joó et al. for the hydrogenation of CO2 [170] 
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3.1.3 Synthesis of formic acid derivatives by the 
hydrogenation of CO2 
 
Although the homogeneous catalytic hydrogenation of CO2 to formic acid has been 
extensively investigated in the last four decades, the unfavorable thermodynamics of the 
reaction in the absence of a base and a solvent, together with the lack of a proper system to 
produce and isolate pure formic acid, make this process unattractive for industrial 
applications. In contrast to this, formic acid derivatives, such as alkyl formates, formamides 
and formic acid adducts, where alcohols and amines act as promoters favoring the 
thermodynamics, offer an interesting alternative to the pure species. 
 
  Hydrogenation of CO2 to alkyl formates 
Alkyl formates can be synthesized by the hydrogenation of CO2 in the presence of 
an alcohol, such as methanol or ethanol, producing methyl- or ethylformate. Methyl formate 
has multiple applications, e.g. it is used for the industrial synthesis of formic acid and 
dimethylformamide, the production of foundry molds, solvents, insect control agents or the 
production of acetic acid through isomerization. Other alkyl formates are used in the fragrance 
industry and as raw materials for the chemical industry.[171]  
Methyl formate is industrially produced by the base-catalyzed carbonylation of 
methanol with CO, but the homogeneous hydrogenation of CO2 with methanol has been 
extensively studied. The overall reaction is exothermic and exergonic (Eq. 3.1-8).[20]  
 
 
 
Suitable homogeneous catalysts include anionic carbonyl complexes and the 8-10 
metal-phosphine complexes used in the formic acid production (Chapter 3.1.2).[44] The 
reaction only works in the presence of effective basic co-catalysts such as N(CH3)3 or 
N(C2H5)3 and cyclic tertiary amines, otherwise the obtained yields are very low.[172,173]  Noyori  
and his co-workers demonstrated that the reaction proceeds according to a two-step pathway: 
Eq. 3.1-8 
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the catalyzed hydrogenation of CO2 to formic acid, followed by the thermal esterification to 
methyl formate (Eq. 3.1-9).[160] 
 
 
Before the research done by the group of Noyori in the middle of the 90´s, the 
highest TON value reported was 470 with RuCl2[P(C6H5)3]3 as a catalyst precursor and Al2O3 
as additive at 100 °C.[174] However, in 1996 Noyori and his co-workers were able to reach a 
turnover number of 3500, using the Ru-complex [RuCl2[P(CH3)3]4] at lower temperatures (80 
°C) and supercritical CO2 pressures.[20,160] The esterification step is slower at lower 
temperatures, which leads to a mixture of formate salts and formate esters, where the 
formation of ester is always smaller than the amount of the basic co-catalyst charged. 
Reactions with longer alkyl chain alcohols are slower and produce lower yields, probably 
because of a lower rate of thermal esterification. In 1997, the Baiker´s group reported a further 
improvement in the formation of methyl formate (12,900 TON, 830 h-1 TOF), using 
[RuCl2(dppe)2] in the presence of methanol and triethylamine under supercritical 
conditions.[175] 
 
  Hydrogenation of CO2 to formamides 
Formamides (especially dimethylformamide, DMF) are used as polar solvents, 
intermediates for insecticides and pharmaceuticals, and also as antioxidants (formanilide).[176] 
They are usually prepared directly from CO or from methylformate, which is also prepared 
with CO. The synthesis of formamides from CO2 and secondary amines was first investigated 
by Farlow and Adkins in 1935 (Eq. 3.1-10).[177] 
 
 
 
 
 
 
Eq. 3.1-10 
 
Eq. 3.1-9 
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The first report about the homogeneous catalyzed hydrogenation of CO2 to DMF 
was written by Haynes et al. in 1970.[178] They carried out the reaction using the metal complex 
[Pd(CO3)[P(C6H5)3]2] and [CdCl2[P(C6H5)3]2] with a TON of 120 and 10.5 in 17 h, 
respectively. In the 90s, the same reaction was tested by the group of Noyori under 
supercritical conditions.[160]. Using once again the complex [RuCl2(PMe)4] at 100 °C, DMF 
was generated with a TON of 420,000 within 70 h and with complete selectivity. They also 
found that during the hydrogenation, a formate salt was formed as an intermediate, which 
subsequently dehydrated irreversibly to formamide (Eq. 3.1-11). After these observations, 
their conclusion was that the system is only suitable for the synthesis of dimethylformamide, 
because for bulky dialkylamines the dehydration step is too slow or even completely 
hindered.[94,160] 
 
 
The use of this Ru-complex was further extended by Jessop et al. to the production 
of formanilide using DBU as a base to promote the hydrogenation of CO2 (Eq. 3.1-12). [179]  
 
 
 
At the same time, Baiker and his coworkers improved the synthesis of DMF using 
[RuCl2(dppe)2] as a catalyst precursor. They obtained a TON of 740,000 under supercritical 
conditions in 2 h and a TON of 150,000, when working below the critical point.[175]  
Later, the reaction was also tested by the Tumas and his co-workers in a biphasic 
system where the catalyst used by Baiker was immobilized in an ionic liquid and the product 
was extracted with scCO2.[180] They used di-n-propylamine as a base and they could extract 
the product, di-n-propylformamide, with scCO2, recycling the catalyst/ionic liquid phase. The 
same reaction in a monophasic system with scCO2 would have probably failed due to the 
precipitation of a solid insoluble carbamate formed by the reaction of di-n-propylamine with 
CO2.  
 
 
Eq. 3.1-11 
 
Eq. 3.1-12 
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3.1.4  The role of carbonate species in aqueous 
hydrogenation of CO2 
As mentioned in Chapter 3.1.2, the presence of water promotes the hydrogenation 
of CO2. The solvation effect of water favors the thermodynamics of the reaction (ΔG°298=-4 
kJ/mol) and, furthermore, it is believed that water participates in the catalytic process on a 
molecular level, accelerating the hydrogenation.[19] The interaction of CO2 and H2O could 
improve the coordination of CO2 or the hydride transfer to the carbon center of the catalyst. 
[36,157]
 
In solutions where CO2 and water are present, the equilibria between CO2, 
bicarbonate and carbonate must always be contemplated (Figure 3.1-3). These equilibria shift 
with changes in temperature, pressure and/or pH.[181] Under acidic conditions, CO2 is the 
major species which can be hydrogenated to formic acid, whereas under basic conditions, the 
bicarbonate can be the hydrogenated species.[182–184] Moreover, bicarbonates are easier to 
handle than the gas and are highly soluble in water (96 g/L NaHCO3 at 20 °C).[147] For this 
reason, bicarbonate has received attention in this research field, since it can serve both as 
reactant and as a base.[147,170,185]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1-3: Equilibrium CO2-bicarbonate-carbonate in water (Copyright © 2001 by JSPSI)[38] 
CO2 + H2O H2CO3 HCO3
- + H+ CO3
2- + 2 H+
pK1 = 6.35 pK2 = 10.33
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Joó and Laurenczy have used Ru- and Rh-complexes in amine-free aqueous 
solutions under mild conditions at a pH around 8, using HCO3- as a reactant rather than 
CO2.[182,184,186–188] Using NaHCO3, formate was the only product observed in the reactions. 
With [RuCl2(PTA)4] (PTA = 1,3,5-triaza-7-phosphaadamantane) a TOF of 807 h-1 was 
obtained, which could be improved with [RuCl2(TPPMS)2]2, giving a TOF of 9600 h-1.[170,189] 
Beller and his co-workers also extended their work to the hydrogenation of sodium 
bicarbonate with Fe- and Co- complexes in the form [M(BF4)2·6H2O] combined with 
tetradentale ligands. At p°=60 bar and T=100-120 °C, they obtained a TON of 7546 with 
iron[153] and 3877 with cobalt in 20 h.[159] 
 
3.1.5 Product separation in the homogeneous 
catalytic hydrogenation of CO2 
 
As previously explained, an efficient system for product isolation is greatly required 
for several reasons: 
 
- Avoiding back reaction/product cleavage 
- Catalyst recycling 
- Formic acid separation from the base/solvent needed for product stabilization 
 
Despite the successful catalytic results obtained in the homogeneous hydrogenation 
of CO2 (Chapters 3.1.2 -3.1-4),[44] the crucial step towards an application of such systems – 
namely the separation of the product from the homogeneous catalyst and the catalyst recycling 
– has been scarcely investigated.[98,148,190] During the 70s and the 80s BP-Chemicals 
researchers worked extensively in the development of a process for the production of 
trialkylamine/formate adducts and their subsequent separation and cleavage. They published 
several patents where they described the homogeneous hydrogenation of CO2 with transition 
metals of groups 8-10 dissolved in polar solvents such as secondary alcohols, glycols and 
phenylpropanols and a tertiary amine (mainly triethylamine) to form the formic acid 
adducts.[191,192] The process was based on a two-stage distillation system, where the gaseous 
components and the polar solvent were first separated and, in the second step, the formic 
acid/amine adduct and the free amine. Later the tertiary amine was replaced by a weaker, less 
volatile nitrogen base, like DBU or pyridine, to facilitate the thermal cleavage and the 
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generation of free formic acid. One of the biggest disadvantages of the process is the presence 
of the active catalyst during the separation steps, which leads to product decomposition. 
Together with the difficult task of product isolation, this makes the process unattractive for 
industrial purposes.  
The BP process was improved through the addition of a second solvent to extract 
the product directly after reaction, thus avoiding its possible dissociation due to the presence 
of a catalyst.[193] In the process, a non-polar solvent like heptane is used to dissolve the 
homogeneous catalyst, whereas the formate is extracted in a polar solvent like water or 
glycerol. The two immiscible phases are separated after the reaction. Similar to the first BP-
process, the tertiary amine was also replaced by a weaker, less volatile nitrogen base. The 
recirculation of every phase to the reactor after separation and the placement of an additional 
compound into the process disfavors the possible industrial application of the process. 
BASF recently proposed a similar process, using trihexylamine (NHex3) as a 
base.[194,195] A lipophilic Ru-complex is dissolved in the base, which is immiscible with polar 
solvents. The formic acid/amine adduct is highly soluble in polar diols, offering the possibility 
to extracte the product and separating it from the free amine/catalyst solution. In the last step, 
the formate salt was cleaved thermally at 150 °C and 150 mbar to obtain pure formic acid 
(Figure 3.1-4).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1-4: Process reported by BASF for the hydrogenation of CO2 to formic acid (Copyright © 2011 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim)[194] 
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A completely different approach is to use ionic liquids (ILs). Due to their low 
volatility, their high thermal stability and their structural diversity, they are promising 
candidates for tailored solvent applications.[196] They are immiscible with a large number of 
solvents, which make them suitable solvents for biphasic hydrogenation reactions. Moreover, 
they exhibit highly advantageous properties for dissolving gaseous CO2 and to stabilizing 
formic acid in the thermodynamic equilibrium with CO2 and H2.[196,197] 
Han and his co-workers demonstrated an ionic liquid-based approach for product 
separation and catalyst recovery. They immobilized a solid supported ruthenium catalyst and 
used a task specific ionic liquid bearing the required base functionality (terciary amino group). 
After the reaction, the catalyst could be recovered by filtration and the basic IL was recycled 
after thermal decomposition of the IL·HCOOH adduct at 130 °C. With this system, a maximal 
TOF value of 103 h-1 was reached with a molar ratio of 0.49 of formic acid, formed with 
respect to the added ionic liquid. This result was improved by the substitution of the tertiary 
amino group for a diamine functionalized ionic liquid, where a maximal TOF value of 920    
h-1 with water as a solvent at 80 °C was obtained with a molar ratio formic acid/IL higher than 
one. [163,198]  
Recently, our group designed a new biphasic system for continuous-flow 
hydrogenation, combining supercritical CO2 and ionic liquids for various processes, in order 
to facilitate product separation and catalyst recycling (Figure 3.1-5).[148] The concept of a 
biphasic system, where scCO2 is used as the mobile phase and an IL as the stationary phase 
to immobilize the catalyst has been extensively studied by our group and by others.[31,196,199] 
 
 
 
 
 
 
 
 
H2 + CO2
catalyst + stabilising base
HCOOH
H2 + CO2 HCOOH
scCO2 phase
IL phase
CO2
HCOOH
p or T
CO2
H2
Figure 3.1-5: Biphasic system designed for the continuous hydrogenation of CO2 to pure formic acid reported 
by the group of Leitner (Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) [148] 
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scCO2 was used as a reactant as well as an extractive phase, allowing continuous 
product separation and, simultaneously, a readjustment of the reaction equilibrium in the 
reactive phase. Several scCO2-insoluble organic salts with amine functionalities or intrinsic 
anion basicity were synthesized and tested as a stationary product-stabilizing phase. The low 
vapor pressure of these compounds made them insoluble in the mobile phase, leading to the 
recovery of pure formic acid by simple decompression of the CO2 flow downstream.[148] A 
Ru-based catalyst, with TPPMS as a ligand and EMIM Cl as an additive, was dissolved in the 
stationary phases 1-3, achieving TOFs around 300 h-1 in batch experiments (Figure 3.1-6). 
However, when the process was run continuously, the hydrogenation rate decreased to a TOF 
of 2.6 h-1. 
 
 
 
 
 
A similar system was described by Baker and Tumas for the synthesis of N,N-
dialkylformamides. They obtained full conversion and selectivity, using n-propylamine in a 
system, where the catalyst [RuCl2(dppe)2] was immobilized in [BMIM][PF6]. They were able 
to extract N,N-di-n-propylformamide with scCO2 almost quantitatively after two reaction 
cycles, and came to the conclusion that the IL phase became saturated with the product.[180] 
This is the first reported biphasic system where scCO2 and an ionic liquid were combined to 
produce and extract a derivative of formic acid instead of the pure species. 
 
 
 
 
 
 
Figure 3.1-6: Organic salts synthesized and tested as stationary phases for CO2 hydrogenation.[148] 
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 Motivation 
 The hydrogenation of CO2 to formic acid or its derivatives requires a base and a 
metal complex in order to take place. The main challenge of the homogeneous catalytic 
reactions is the product isolation and the catalyst separation and recycling. For this reason, the 
design of a productive and selective catalytic process, where the product can be separated and 
the catalyst recycled, has become one of the main goals in this field. Owing to the high 
activities reported when Ru(II) complexes were used in this reaction, they were selected as a 
catalyst precursor in this investigation. However, the effect of the base and the influence of 
the reaction conditions over the hydrogenation of CO2 are still important issues, which have 
to be examined. 
The aim of this research is to study both the hydrogenation of CO2 towards formic 
acid (-derivatives) and the possible methods that can be used to separate the product from the 
catalyst. For the purpose of gaining further knowledge about the generation of formic acid (-
derivatives) and broadening the scope of technologies, different alternatives were compared 
and several options were considered. The experience of our group in the continuous-flow 
hydrogenation of CO2 combined with the reported work of other researchers has led us to have 
an idea of the difficulties which were present before this work and helped to set the first 
guidelines and objectives. The understanding of the hydrogenation of CO2 towards formic 
acid, dialkylformamides and di-/trialkylammonium formates and the control factors that 
influence the pathways and products became a priority.  
With a view to comprehending the synthesis of formic acid (-derivatives), the 
hydrogenation of CO2 will be performed using several amines as a base under different 
conditions. Furthermore, in order to optimize and/or develop a system for product separation 
and catalyst recycling, the biphasic system scCO2/IL designed by Baker and Tumas, where 
N,N´-dialkylformamides were generated and separated, will be considered as a benchmark 
and alternative solvents and stationary phases will be tested. All these experiments must lead 
to a broadening of the knowledge about the possible methods for hydrogenating CO2 and 
isolating the resulting product. 
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 Results and discussion 
3.3.1 Ruthenium catalyzed hydrogenation of 
CO2: formamides vs. formic acid adducts 
 
 General  
As explained in Chapter 3.1.3, the synthesis of formamides involves formic acid 
adducts as intermediates (Eq. 3.3-1).[160] These intermediates are formed directly by the 
hydrogenation of CO2 at mild temperatures, whereas the formation of formamides requires an 
additional step, which takes place under heating. Therefore, depending on the conditions of 
the reaction, dialkylformamides or dialkylammonium formates are principally produced when 
secondary amines are used as a bases in the hydrogenation of CO2.  
 
 
The experience of our group with the continuous-flow hydrogenation of CO2, where 
the catalyst and the base are immobilized in an ionic liquid and scCO2 is used to extract the 
product,[148] together with the promising results obtained by Baker and Tumas for the 
homogeneous hydrogenation of CO2 to N,N´-dialkylformamides also in a similar biphasic 
system,[180] led to the start of the investigation.   
Ionic liquids, due to their diverse properties (Chapter 3.1.5), were considered to be 
good candidates for this propose. 1-Alkyl-3-methylimidazolium ionic liquids have high rates 
of CO2-dissolution. Moreover, as was demonstrated in the systems described above, they are 
able to immobilize Ru-complexes and, therefore, they can serve as good stationary phases. 
Taking as a reference the synthesis of Baker and Tumas, where the catalyst [RuCl2(dppe)2] 
was immobilized in [BMIM][PF6] (80 °C, 276 bar, yield 100 % to N,N-di-n-propylformamide, 
TOF < 22 h-1),[180] the effect of different parameters (base, temperature, pressure, presence of 
water) was studied in order to understand and evaluate the influence of the reaction conditions 
on the pathways and products.  
 
Eq. 3.3-1 
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The reactions were carried out in a 10 mL stainless steel window autoclave. The 
catalyst, the ionic liquid and the amine were weighed and transferred into the autoclave under 
argon. The reactor was pressurized with the desired pressure of H2 and with CO2 (p° 90-276 
bar) at room temperature (stirrer off) and then heated to the desired temperature (50-120 °C). 
The stirrer was switched on and the reaction mixture was vigorously stirred for five hours. 
The reaction mixture was taken from the autoclave and weighed. A sample of the product in 
ionic liquid was transferred to the NMR tube and weighed; toluene was added as internal 
standard and (CD3)2CO-d6 was used as a deuterated solvent. The dialkylformamide and 
formate were quantified by 1H-NMR, comparing the integrals of the formamide proton at 
~8.00 ppm and the formate proton at ~8.3-8.6 ppm to the toluene signal at ~2.30 ppm, and the 
yield was calculated according to the following equation: 
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  Effect of the amine 
Dimethylamine (HN(CH3)2), diethylamine (HN(C2H5)2), and diisopropylamine 
(HN(C3H7)2) were tested as bases. Due to the lower boiling point of dimethylamine (pb = 7 
°C) and the difficulty of handling it as a gas, a liquid carbamate salt (DIMCARB) was used in 
the reactions instead of pure dimethylamine. The DIMCARB was formed by the reaction of 
dimethylamine with dry ice (Eq. 3.3-2 and Figure 3.3-1). 
 
 
 
 
 
 
 
  
Eq. 3.3-2 
 
Figure 3.3-1: Synthesis of dimethylammonium dimethylcarbamate (DIMCARB) by the reaction of gaseous 
dimethylamine and dry ice. 
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The synthesis of formamides described by Tumas and Baker was reproduced in a 
biphasic system, where scCO2 was used as a mobile phase and a methylimidazolium ionic 
liquid was the stationary phase.[180] Referring to this system, [RuCl2(dppe)2] was first  
immobilized in [EMIM]NTf2 (1 mL) and then the amino species (either as DIMCARB or as a 
pure amine, 7.9 mmol) was added into the reactor. The reaction was carried out for five hours 
at 80 °C and 276 bar (H2:CO2=1:4). Each product solution was analyzed by NMR to identify 
and quantify the products formed. As represented in Figure 3.3-2, the highest yield to 
formamide was 55 % and it was achieved when DIMCARB was used as amine source. When 
diethylamine was used as a base, diethylformamide was formed in a yield of 11%. However, 
diisopropylamine did not allow the formation of any formamide. On the contrary, the 
generation of dialkylammonium formate was favored by the quite bulkier alkyl amines, 
resulting in yields of 67 % and 50 % with diethylamine and diisopropylamine, respectively, 
and just 33 % with DIMCARB. With these results, it was demonstrated that the longer alkyl 
chains on the amine hinder the dehydration step and lead to a higher selectivity towards 
dialkylammonium formate. This conclusion confirmed the results of an earlier study by the 
group of Jessop,[160] where the formation of formamide decreases with longer chain amines.  
During and after each reaction, it was observed that the different amines led to 
different formate species: while a yellow viscous liquid was collected with dimethyl- and 
diethylamine, a white solid was generated with diisopropylamine. The latter, due to its solid 
state during reaction, impeded a proper stirring, slowing down the reaction, decreasing the 
overall activity and preventing the dehydration step completely. An idea to improve this 
reaction was the use of a polar solvent such as water, in which the formate would be soluble.  
.
 
 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
Y
ie
ld
 / 
%
Amine effect
Dialkylformamide
Dialkylammonium
formate
   NH(CH3)2                  NH(C2H5)2                HNi(C3H7)2 
Figure 3.3-2: Effect of the amine on the hydrogenation of CO2. Reaction conditions: amine: DIMCARB (7.9 
mmol, 1 mL), diethylamine (7.9 mmol, 0.83 mL), diisopropylamine (7.9 mmol, 1.1 mL); [EMIM]NTf2 (1 mL); 
[RuCl2(dppe)2] (10 mg, 0.010 mmol); T = 80 °C; p°(r.t) = 276 bar (H2:CO2=1:4); t = 5 h; window autoclave 
(10 mL) 
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Figure 3.3-2 represents the product distribution obtained when CO2 was 
hydrogenated in the presence of the different amines. The high conversion obtained with 
DIMCARB (84 %) against diethylamine (78 %) or diisopropylamine (50 %), led to focus the 
research on the optimization of dimethylformamide´s (DMF) production. For this reason, the 
effect of the temperature and the pressure and also some recycling experiments were carried 
out with DIMCARB as reagent. 
 
  Effect of temperature 
The hydrogenation of CO2 with dimethylamine was performed at different 
temperatures. As shown in Figure 3.3-3, the dehydration step is favored at temperatures above 
75 °C, preferably above 100 °C, where yields higher than 80 % are achieved. On the contrary, 
the maximum yield of dimethylammonium formate (65 %) was reached at 70 °C. Moreover, 
at temperatures lower than 60 °C the reaction was very slow and merely 60% of the amine 
was converted into the desired products. Nevertheless, at higher temperatures, conversions of 
around 90 % were reached. Similar results were obtained by Noyori and Jessop during their 
investigations, showing that the temperature plays an important role in the hydrogenation of 
CO2 and the selectivity of the reaction.[20,160]  These results give an idea of the temperatures 
required to guide the reaction to one or the other product. 
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Figure 3.3-3: Effect of temperature on the hydrogenation of CO2 with dimethylamine as a base. Reaction 
conditions: DIMCARB (7.9 mmol, 1 mL); [EMIM]NTf2 (1 mL); [RuCl2(dppe)2] (25 mg, 0.025 mmol); p°(r.t) = 
276 bar (H2:CO2=1:4); t= 5 h; Window autoclave (10 mL) 
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In order to test the stability of dimethylformamide under reaction conditions, the 
reverse reaction (hydration of dimethylformamide) was performed at the same temperature as 
the CO2 hydrogenation (80 °C) with a ratio DMF:H2O = 1:1. The reaction was carried out first 
in the absence of any gas and afterwards in the presence of H2 (55 bar) and CO2 (221 bar). No 
conversion, either with or without gas was observed, which led to confirm the stability of 
DMF against hydrolysis. 
 
  Effect of pressure 
As mentioned before, one of the goals of the research is the optimization of a 
biphasic system, where CO2 acts as a reactant and solvent, enabling a successful product-
catalyst separation and catalyst recycling. For this propose, CO2 has to be in a supercritical 
state (p° > 73 bar, T > 31 °C), assuring a proper mixing during reaction and subsequent product 
extraction. However, from the two formic acid derivatives which are involved in the reaction 
with DIMCARB, only dimethylformamide (DMF) is soluble in CO2, and thus is the desired 
product for the IL/scCO2 system.  
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Figure 3.3-4: Effect of pressure on the hydrogenation of CO2 with DIMCARB as amine source. Reaction 
conditions: DIMCARB (7.9 mmol, 1 mL); [EMIM]NTf2 (1 mL); [RuCl2(dppe)2] (10 mg, 0.010 mmol); T = 100 
°C (pressurized at r.t. and heated afterwards); t = 5 h; Window autoclave = 10 mL 
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The first reaction was carried out at an overall pressure of 276 bar according to the 
procedure described by Baker and Tumas.[180] As shown in Figure 3.3-4, decreasing the 
pressure from 276 bar to 185 bar and further to 140 bar, showed a stepwise increase of the 
formamide yield from 80 % to 85 %, but not the overall amine conversion. A further decrease 
of the total pressure to 90 bar resulted in a drop of the DMF-yield to 67 %, thus obtaining an 
increased formate concentration. Probably the result of the achieved yield at a pressure of 90 
bar can be explained by the formation of a biphasic system during reaction and, consequently, 
no suitable mixture between reactants and the catalyst, leading to a drop in activity. Here, 
compared to the benchmark procedure, a pressure decrease of about 130 bar was effectively 
achieved. These observations led to the conclusion that the hydrogenation of CO2 has to be 
carried out under supercritical conditions. 
 
  Effect of water 
The solvation effect of water promotes the hydrogenation of CO2 turning the 
reaction exergonic (ΔG°298 = -4 kJ mol-1) (Chapter 3.1.3).[19] Moreover, the low solubility of 
formic acid adducts in scCO2 compel to search for an alternative mobile phase for product 
extraction. For these reasons, the effect of water in the hydrogenation of CO2 was investigated. 
 In a typical catalytic run, the catalyst [RuCl2(dppe)2] (0.010-0.021 mmol) and the 
ionic liquid [EMIM]NTf2 (1 mL) were transferred into the autoclave under argon. The 
different amines were added with respect to their commercial availability: 
 Dimethylamine: commercial solution in H2O (1.0 mL, 7.9 M, 7.9 mmol) or 
DIMCARB (1.0 mL, 7.9 mmol)  
 Diethylamine (0.82 mL, 7.9 mmol) diluted in H2O (0.87 mL) 
 Diisopropylamine (1.0 mL, 7.2 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (2 mL) was 
added. 
The autoclave was pressurized with H2 (60-80 bar) and CO2 (30-60 bar) at ambient 
temperature without stirring and then heated to the desired temperature. The stirrer was 
switched on after the temperature had been reached and the reaction mixture was vigorously 
stirred for five hours. Then, the autoclave was cooled on ice and carefully vented. The 
complete reaction mixture was collected via syringe, the autoclave was washed with water (2 
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x 2 mL) to remove the remaining solution and both phases were separated and analyzed by 1H 
and 13C-NMR with toluene as an internal standard.  
As expected, the presence of water contributed in the reaction to a selective 
generation of formates, hindering the dehydration step even at high temperatures (Table 8). 
When the reaction was carried out at 120 °C in the presence of water, the amount of 
dimethylammonium formate increased from 2 % to 65 %, while the yield to 
dimethylformamide dropped from 85 % to 15 %. However, the overall conversion decreased 
from 87 % to 80 %.  
 
At a temperature of 70 °C, using either diethylamine or diisopropylamine as a base, 
the dehydration reaction stopped completely (Table 9). Nevertheless, in contrast to the effect 
observed with dimethylamine in water (Table 8), the overall productivity increased, e.g. the 
overall conversion of the reaction with diethylamine as the base in scCO2 was 72 %, whereas 
the same reaction in water reached a conversion of 82 %. These results show that the presence 
of water favors the hydrogenation of CO2, probably due to its participation in the catalytic 
process (Table 9, Entries 1-2). Additionally, the use of water as a solvent promotes the reaction 
with diisopropylamine, since it allows for complete dissolution of the solid 
diisopropylammonium formate, hence improving the reaction rates and leading to an increase 
on the yield from 50 % (in scCO2) to 78 % (Table 9, Entry 3).  
These satisfactory results indicate that water has a positive influence on the 
hydrogenation of CO2 when dialkylammonium formates are the desired products, increasing 
the conversion of the amines with more than one methyl group in the chain.  
 
Table 8: Effect of water on a reaction with dimethylamine at 120 °C[a] 
Entry Base Solvent YDMF 
[%][b] 
YMe2NH·HCOOH 
[%][b] 
1 DIMCARB scCO2 85 2 
2 DMA [c] H2O 15 65 
[a]Reaction conditions: DIMCARB (7.9 mmol, 1 mL);  [EMIM]NTf2 (1 mL); [RuCl2(dppe)2] (10 mg, 
0.010 mmol); T = 120 °C p°(r.t) = 140 bar (H2:CO2=2:1); t = 5 h; Window autoclave (10 mL); 
[b]mmol product determined by 1H-NMR/mmol amine added; [c]Commercial solution dimethylamine-
H2O (7.9 mmol, 1 mL, 7.9 M) 
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Table 9: Effect of water on a reaction with diethylamine at 70 °C[a] 
Entry Base Solvent 
YRNCOH 
[%][b] 
YR2NH·HCO2H  
[%] [b] 
          1 DEA scCO2 1 71 
          2   DEA [c] H2O 0 82 
          3   DiPA [d] H2O 0 78 
[a]Reaction conditions: Diethylamine (7.9 mmol, 0.82 mL); [EMIM]NTf2 (1 mL); [RuCl2(dppe)2] (20 mg, 
0.021 mmol); T = 70 °C; p°(r.t) = 90 bar (H2:CO2=2:1); t = 5 h; window autoclave (10 mL); [b] mmol 
product determined by 1H-NMR/mmol amine added; [c]H2O (0.87 mL); [d]Diisopropylamine (7.2 mmol, 1 
mL), H2O (2 mL) 
 
 
3.3.2 Towards continuous-flow synthesis of 
dimethylformamide in IL/scCO2 system 
 
As was already mentioned in this chapter, one of the goals of the research is to 
optimize a biphasic system consisting of an ionic liquid as the stationary phase and scCO2 as 
the extraction phase for the production of dialkylformamides (Figure 3.3-5). 
 
 
 
 
 
 
 
After a thorough study of the effects of different parameters such as temperature or 
pressure in the hydrogenation of CO2 with dialkylamines as bases (Chapter 3.3.1), it was 
concluded that the reaction should be carried out at a T ≥ 100 °C and p° 	140 bar, using 
dimethylamine as the base. Starting with these defined conditions, the reaction towards DMF 
was optimized by changing some parameters such as reaction time, temperature and catalyst 
loading (Table 10). In a typical catalytic run, the catalyst [RuCl2(dppe)2], the ionic liquid 
[EMIM]NTf2 and dimethylammonium dimethylcarbamate were transferred into a 10 mL 
Ionic liquid + Catalyst 
 
R2NH + H2 + CO2 
 
scCO2 Phase 
 
R2NCOH + H2O 
R2NH + H2 + CO2 
 
R2NCOH + H2O 
 
R2NH + H2 + scCO2 
 
R2NCOH + H2O  
 
     scCO2  
 
Figure 3.3-5: Graphic illustration of a continuous synthesis and extraction of dialkylamines in a biphasic system 
IL/scCO2 
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autoclave under argon. The reactor was pressurized with H2 (90 bar) and with CO2 (50 bar) at 
raum temperature (stirrer off) and then heated to the desired temperature (100-120 °C). The 
stirrer was switched on and the reaction mixture was vigorously stirred for several hours (3-
20) (Table 10). After the reaction, the autoclave was cooled down on ice and carefully vented 
through a trap cooled at -78 °C in order to collect the product that could leave with the gas. 
The reaction mixture in the autoclave was collected through the inlet with a syringe. The 
product mixture was analyzed by NMR and quantified using toluene as internal standard, 
comparing the integrals of the formamide proton at ~8.00 ppm and the formate at ~8.30 ppm 
to the toluene signal at 2.30 ppm. 
Table 10: Optimization of dimethylformamide synthesis[a] 
Entry t [h] YDMF [%][b] Conv.[%][c] 
1 5 84 90 
2 3 74 81 
3 20 90 93 
4[d] 5 88 92 
[a]Reaction conditions: Dimethylamine (16 mmol, charged as DIMCARB, 1 mL); [EMIM]NTf2 (1 mL); 
[RuCl2(dppe)2] (10 mg, 0.01 mmol); T = 100 °C; p°(r.t) = 140 bar (H2:CO2=1.8:1); Window autoclave 
(10 mL); [b]Yield calculated by 1H-NMR with toluene as standard; [c]Total conversion calculated with 
dimethylamine as reference; [d]T = 120 °C. 
 
In line with the literature,[160] the reaction needs about 5 h to reach 90 % conversion. 
After 3 hours, already a yield of 74 % DMF is reached, which increases another 10 % in the 
next 2 hours (Table 10, Entries 1-2). An additional reaction time of 15 hours led to an increase 
of 5 % of yield and an overall conversion of 93 % (Table 10, Entry 3). Increasing the 
temperature to 120 °C, only a slight increase of the yield was noticed (Table 10, Entry 4). 
Monitoring the gas uptake over a period of time showed a fast decrease within the first 30 min 
of the reaction. From that point on, the pressure dropped only moderately and then remained 
constant after 100 min reaction time (Figure 3.3-6). This indicates that the hydrogenation of 
CO2 is nearly completed in around 30 min, while the dehydration step is much slower and 
needs longer reaction times. This observation is consistent with the conception of the 
hydrogenation of CO2 to an ammonium formate salt and its subsequent dehydration to 
formamide.  
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Figure 3.3-6: Recorded drop of the gas pressure during an experiment with DIMCARB as the base and 
[RuCl2(dppe)2] as the catalyst, applying standard conditions 
 
 
 
 
 
 
 
 
 
 
 
In order to allow a continuous-flow hydrogenation with scCO2 as the reactant and 
solvent, the effectiveness of the product extraction with scCO2 had to be examined. For that 
purpose, DMF was extracted with a CO2-flow of 350 mL/min for 2 h in the set-up shown in 
Figure 3.3-7. In a typical extraction run, the ionic liquid [EMIM]NTf2 (1 mL) and DMF (1 
mL, 14.5 mmol) were transferred into the autoclave (10 mL) under argon and stirred. The 
autoclave was heated to the desired temperature (40-100 °C) and pressurized continuously 
with CO2 (150-210 bar) for 2 h (Table 11). The product was extracted from the ionic liquid 
and collected in a cooling trap in dry ice/acetone (-78 °C). The gas flow was measured with a 
gas meter (350 mL/min). The solution in the trap and the ionic liquid in the autoclave were 
analyzed by 1H-NMR.  
Increasing the temperature during the extraction led to a more effective separation 
of the product, even at lower CO2-pressures (Table 11, Entries 1-3). Surprisingly, more than 
50 % of the product was lost during extraction when the process was carried out at 100 °C 
(Table 11, Entry 4). The high temperature led to some leaks in the set-up. This is the reason 
why 80 °C was set as an optimal temperature. During the extraction at 80 °C, more than 70 % 
of the product was recovered at pressures under 200 bar (Table 11, Entries 3, 5-6). This means 
that the extraction depends basically on the temperature, allowing its performance at the same 
pressures as the synthesis. 
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Table 11: Extraction of dimethylformamide with scCO2 at different conditions[a] 
Entry T  
[°C] 
p° CO2  
[bar] 
DMF isolated 
[%][b] 
1 40 210 20 
2 60 210 43 
3 80 210 75 
4[c] 100 210 40 
5 80 180 70 
6 80 150 68 
[a]Extraction conditions: Dimethylformamide (14.5 mmol, 1 mL); scCO2 (350 mL/min); [EMIM]NTf2 
(1 mL); t = 2 h; [b]Amount of  DMF isolated from the gas stream and collected in the cooling trap 
referred to the quantity of formamide added. [c]Much of the product was lost during the extraction, 
and only 40 % of the DMF was collected.  
 
The last step was to combine both optimized processes (catalytic hydrogenation and 
product extraction) in a semi-continuous flow process with catalyst recycling. A 10 mL 
autoclave was evacuated and refilled with argon. The catalyst [RuCl2(dppe)2] (0.012 mmol) 
was added under argon and the reactor was weighed. Then the ionic liquid [EMIM]NTf2 (1 
mL) and the dimethylammonium dimethylcarbamate (15.8 mmol) were transferred into the 
autoclave and stirred. The reactor was pressurized with H2 (90 bar) and CO2 (50 bar) at RT 
(stirrer off) and heated to 100 °C. The stirrer was switched on and the reaction mixture was 
vigorously stirred for 5 hours. Then the autoclave was cooled down on ice and carefully 
vented, collecting the gas in a cooling trap in dry ice/acetone. The autoclave was weighed 
Figure 3.3-7:  Set-up for the separation of dimethylformamide with scCO2 and its collection in a dry-
ice/acetone cooling trap (-78 °C) 
CO2 
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after depressurization. A sample of the reaction mixture (ca. 0.05 mg) was taken with a syringe 
under argon and analyzed by 1H-NMR with toluene as an internal standard to determine the 
quantity of DMF formed in the reaction.   
Afterwards, the autoclave was heated to 80 °C and pressurized continuously with 
CO2 (150 bar) for 4 h. The product was extracted from the ionic liquid and collected in the 
cooling trap in dry ice/acetone used before. The gas flow was measured with a gas meter (350 
mL/min). The solution in the trap was weighed and a sample of ca. 0.2 mL was analyzed by 
1H-NMR, using toluene as the internal standard to determine the quantity of DMF extracted 
with CO2.  
Fresh dimethylammonium dimethylcarbamate was introduced, the autoclave was 
weighed again and the same procedure described above was repeated three times more. Figure 
3.3-8 shows both the yield to DMF formed and the yield to DMF extracted after each cycle. 
Comparing these yields it was concluded that around 99 % of the product formed could be 
properly separated from the reaction phase using similar reaction and extraction conditions. 
Thus one could avoid additional compression steps, facilitating the continuous process. 
 
 
 
 
 
 
 
 
 
This semi-continuous reaction led to a total turnover number of 5400 in three cycles. 
The decrease in activity after the second cycle could be caused by the loss of catalyst due to 
sample analysis (around 0.7 % of sample, i.e. product in IL, was taken after each cycle for 
NMR-analysis). The 1H-NMR of the product collected in the cooling trap revealed that both 
DMF and water were extracted with scCO2.  
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Figure 3.3-8: Semi continuous catalytic hydrogenation of CO2 in a biphasic system using scCO2 as a solvent 
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With these results, the efficiency of a biphasic system, where the ruthenium 
complex is immobilized in an ionic liquid and the product is cleanly separated with scCO2, 
was demonstrated in a satisfactory manner. The similar conditions used for the reaction (100 
°C, 140 bar) and the extraction (80 °C, 150 bar) led us to try to achieve the continuous 
production of DMF. However, the high viscosity of DIMCARB made its continuous addition 
difficult and consequently hindered the continuous process. The design of a proper set-up for 
the continuous synthesis of formamide, where the amine and the gases could be injected into 
the reactor and the product continuously extracted from the reaction phase, would be an 
interesting additional project to conclude this investigation.  
 
3.3.3 Synthesis of formic acid derivatives in a 
biphasic system ionic liquid/water 
 
As described in Chapter 3.3.1, two different products can be obtained from the 
catalytic hydrogenation of CO2 in the presence of secondary amines. Depending on the 
conditions used for the reaction, dialkylformamides or dialkylammonium formates are 
formed. The synthesis of dimethylformamide and its subsequent extraction with scCO2 was 
demonstrated in Chapter 3.3.2. However, as was mentioned before, formates are not soluble 
in scCO2, and a new system with a different solvent is required. 
Water, due to its positive influence on the synthesis of formates, became a potential 
candidate as a solvent. The positive effect of water in the conversion of several amines 
(Chapter 3.3.1.5), and the high solubility of the CO2-hydrogenation products in this solvent, 
would lead to a simple product separation when a non-polar phase could be used to immobilize 
the catalytic species. These positive characteristics of water as a solvent led to the design of 
an alternative biphasic system consisting of a hydrophobic ionic liquid as a stationary phase 
and water as a mobile phase (Figure 3.3-9). 
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Contrary to the biphasic system IL/scCO2, this process is not limited to a specific 
product, thus, any base with the ability to promote the reduction of CO2 to formic acid 
derivatives could be used.  As far as the economical part is concerned, this system does not 
require high pressures to maintain supercritical conditions, reducing in this way the costs for 
compression work. 
 
  Partition coefficient for different amines and products in 
an ionic liquid/water system 
In order to test the effectiveness of water as a solvent, 1H NMR experiments were 
conducted to determine the partition coefficient of several amines (dimethylamine, 
diethylamine, diisopropylamine and triethylamine) and their corresponding formic acid 
derivatives (Tables 12-13). Due to the ionic interaction of the imidazolium species from 
[EMIM]NTf2 with some of the dialkyl- and trialkylammonium formates, the ionic liquid was 
replaced by a more hydrophobic one: 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([OMIM]NTf2).  
A weighed amount of amine was added into a vial with [OMIM]NTf2 (0.5 mL) and 
water (0.5 mL). The mixture was vigorously stirred at RT for 10 min. Both phases were 
separated and weighed. A sample of each phase (ca. 0.2 mL) was transferred to the NMR tube 
and weighed; 1,4-dioxane (ca. 20 mg, weighed in every analysis) was added as an internal 
standard. D2O and DMSO-d6 were used as deuterated solvents for the water and ionic liquid 
phase, respectively. Pure amines were quantified by 1H-NMR, comparing the proton 
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          H2O  
 
R2NH +  
H2 + CO2 
 
H2O
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Figure 3.3-9: Graphic illustration of a continuous synthesis and extraction of formic acid derivatives from 
secondary amines in a biphasic system IL/H2O 
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integration of the pure amine (6 H, CH3) to the 1,4-dioxane signal at 3.53 ppm. The partition 
coefficient was calculated as follows: 
                     #$%&'()*+,-. /	
++01	2+,-.	,-	$%&
++01	2+,-.	,-	[&4(4]678%
 
 
 
 
 
 
As represented in Table 12, the longer the alkyl residue, the more hydrophobic the 
amine becomes, leading to a higher solution in the IL phase and lower partition coefficients. 
HNEt2, NEt3 and HNiPr2 have KH2O-IL values lower than 1.0, whereas HNMe2 has a partition 
coefficient of 1.80. The lower the K value, the higher the solubility of the amine in the ionic 
liquid. Considering that the catalyst is immobilized in the ionic liquid and the reaction will 
take place in this phase, a high amine solution is desired.  
The formate salts of diethylamine, diisopropylamine and triethylamine were formed 
by the reaction of the pure amine and formic acid in a molar ratio 1:1. However, 
dimethylammonium formate was synthetized by reaction of dimethylammonium 
dimethylcarbamate and formic acid in a molar ratio 2:1. The partition coefficients of these 
species and dimethylformamide were determined as described above for the pure amines, but 
the process was carried out at 70 °C instead of at RT. The quantification was also done by 1H 
NMR, comparing the integration of the formate proton at ~8.3-8.5 ppm and formamide at ~8.0 
ppm to the 1,4-dioxane signal at ~3.53 ppm and the partition coefficient was calculated as 
follows: 
           #$%&'()9.:,;*<,;. /	
++01	=2_9.:,;*<,;.	,-	$%&
++01	=2_9.:,;*<,;.	,-	[&4(4]678%
 
 
Table 12: Partition coefficients KH2O-IL as determined by 
1H NMR spectroscopy for the free amines 
                 Amine KH2O-[OMIM]NTf2  
              HNMe2 1.80 
                 HNEt2 0.80 
                 HNiPr2 0.30 
                   NEt3 0.07 
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The formic acid derivatives exhibit a completely different behavior than the pure 
amines. In Table 13, one can observed that all compounds have a considerable preference for 
the aqueous phase with KH2O-IL values between 2.00 and 3.00. A possible reason for this effect 
could be the ability of the formate salts to form hydrogen bonds with water, leading to an 
easier product separation.  
The behavior of the dimethylamine is somewhat different from that of the other 
amines because the free amine is also highly miscible in water, which could lead to lower 
yields if this amine were to be used as a base. Concluding from these results, diethylamine 
and more preferably diisopropyl- or triethylamine are promising basic candidates for the 
synthesis of formic acid derivatives in a biphasic system with water as a mobile phase. The 
use of these amines could lead to high formate yields and an efficient product extraction into 
the aqueous phase. 
 
 Synthesis of formic acid derivatives: influence of the Ru-
complex, base and reaction conditions  
In order to adjust the catalyst to the system, different members of ruthenium 
complex were tested in the H2O/IL-system described above. Recently, our group 
demonstrated the excellent hydrogenation ability of the ruthenium complex bearing a 
tridentate triphos ligand (1,1,1-tris(diphenylphosphinomethyl)ethane) along with the two-fold 
negatively charged tmm ligand (trimethylenemethane) (Figure 3.3-10).[148,200,201] Encouraged 
by these findings, the potential of this complex in the biphasic hydrogenation of CO2 with 
different bases was investigated, and several experiments were performed using either the 
benchmark catalyst [RuCl2(dppe)2] (dppe = Ph2P(CH2)2PPh2) or the Ru-complex with the 
tridentate ligand [Ru(tmm)(triphos)] under the same reaction conditions. 
Table 13: Partition coefficients KH2O-IL as determined by 1H NMR 
spectroscopy for the different formic acid derivatives 
         Formic acid derivative KH2O-[OMIM]NTf2  
HOCNMe2 1.92 
HNMe2·HCOOH 2.00 
HNEt2·HCOOH 2.85 
HNiPr2·HCOOH 3.00 
NEt3·HCOOH 2.88 
 
104 
 
 
 
 
                                                          
 
 
 
  
 
In a typical catalytic run, the catalyst [RuCl2(dppe)2] or [Ru(tmm)(triphos)] and the 
ionic liquid [OMIM]NTf2 were transferred into a 10 mL window autoclave under argon. The 
commercially available amines in aqueous solutions where used as received, while the rest of 
them were either dissolved first in water or injected in their pure form: 
• Dimethylamine: commercial solution in H2O or DIMCARB. 
• Diethylamine: solution of amine in H2O. 
• Diisopropylamine: pure amine injected and stirred together with the previously 
added ionic liquid. Afterwards H2O was added. 
• Triethylamine: pure amine injected and stirred together with the previously 
added ionic liquid. Afterwards H2O was added. 
The autoclave was pressurized with the desired pressure of H2 and CO2 (H2:CO2 = 
2:1) at room temperature without stirring and then was heated to the desired temperature (70°C 
or 120 °C). The stirrer was switched on and the reaction mixture was vigorously stirred for 2-
3 hours. The autoclave was cooled on ice and carefully vented. The complete reaction mixture 
was collected via syringe, the autoclave was washed with water (2 mL x 2) to remove the 
remaining solution and both phases were separated. A sample of each phase (ca 0.2 mL) was 
transferred to the NMR tube and quantified, using 1,4-dioxane as the internal standard. The 
quantification was done by 1H NMR comparing the integration of the formate proton at ~8.3-
8.5 ppm and formamide at ~8.00 ppm to the 1,4-dioxane signal at ~3.53 ppm. After these 
analyses, some products were isolated via water evaporation and the new ratio formate:base 
was determined by 1H-NMR. Yield and turnover number were calculated as follow: 
 
 
Figure 3.3-10: Structure of the applied catalyst. 
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The preferential partition coefficient of formates in water leads to a straightforward 
isolation of the pure product. However, the determination of relative yields can lead to some 
uncertainties since most known formate adducts do not appear in a 1:1 ratio. The aggregates 
are strongly dependent on the thermodynamic equilibrium, which is influenced by the applied 
reagents and reaction conditions. This is the reason why they can form higher or lower 
aggregates.[19,143,160] 
 
• Dimethylamine as a base 
The reaction with dimethylamine is able to form both dimethylformamide and 
dimethylammonium formate. The product selectivity can be controlled by the reaction 
conditions; the dehydration step occurs at higher temperatures, while in the presence of water 
the formation of the formate salt is favored at lower temperatures (Chapter 3.3.1). The 
reactions carried out with the Ru-complex [RuCl2(dppe)2] at 120 °C and 140 bar in the 
presence of water led to yields of 50 % to formate and only 15 % of DMF, whereas the same 
reaction without water reached a DMF-yield of 80 % (Table 14, Entries 1-2). Decreasing the 
overall pressure from 140 bar to 60 bar in the reaction with water, the total amine conversion 
hardly changed (65 % to 61 %, Table 14, Entries 1 vs. 3). In contrast to this, in the absence of 
water, the conversion dropped slightly, moving from 82 % to 75 % (Table 14, Entries 2 vs. 
4).  
 
 
 
 
 
106 
 
 
Table 14: Hydrogenation of CO2 with dimethylamine as a base in a biphasic system under 
different conditions[a] 
Entry 
p(H2/CO2) 
[bar] 
Additive       Ru-complex          Mol.-% 
YDMF 
[%][b] 
YHCOOH 
[%][b] 
TON[c] 
1 80/60 H2O [RuCl2(dppe)2] 0.075 15 50 865 
2[d] 80/60 -- [RuCl2(dppe)2] 0.062 80 2 1260 
3 40/20 H2O [RuCl2(dppe)2] 0.093 21 40 650 
4[d] 40/20 -- [RuCl2(dppe)2] 0.075 66 9 960 
5 40/20 H2O [Ru(tmm)(triphos)] 0.093 16 53 740 
[a]Reaction conditions: NHMe2 in H2O (7.9 M, 2 mL); [OMIM][BTA] (1 mL); T = 120 °C; t = 3 h; Window 
autoclave (10 mL); [b]mmol product determined by 1H-NMR/mmol base; [c]TON=([DMF] + 
[Me2NH·HCOOH]) (mmol)/ [Ru] (mmol); [d]DIMCARB (1 mL, 8 mmol)  
 
The tridentate Ru-complex showed a slightly higher productivity in the presence of 
water than the benchmark catalyst [RuCl2(dppe)2], reaching a turnover number of 740 vs. the 
650 obtained with the bidentate Ru-complex under the same conditions (Table 14, Entries  3 
vs. 5). This behavior was also determined following the drop of pressure during both reactions 
with the different complexes (Figure 3.3-11). Although the decrease of overall pressure 
indicates that both reactions were completed after 60 min (being the highest activity observed 
within the first 20 min), the gas consumption and consequently, the conversion, was a bit 
higher with the tridentate ligand.  
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In order to enhance the formation of dimethylformamide and still use water as the 
extraction solvent, some changes in the reaction procedure were performed. For this purpose, 
not only high temperatures were applied, but also the use of water was reduced to the 
extraction stage, i.e. the reaction was carried out in the absence of water, but after the reaction 
it was added to extract the product. Checking the effectiveness of the process and the stability 
of the catalyst, different recycling experiments were performed in a 10 mL window autoclave. 
The catalyst, [RuCl2(dppe)2] (0.012 mmol) was dissolved in [OMIM]NTf2 (1 mL) and the 
solution was transferred to the autoclave under argon. DIMCARB (7.9 mmol) was added into 
the reactor, and it was pressurized with H2 (40 bar) and with CO2 (20 bar) at RT (stirrer off) 
and then heated to 140 °C. The stirrer was switched on and the reaction mixture was 
vigorously stirred for three hours. After reaction, the autoclave was cooled on ice and carefully 
vented. Water (2 mL) was added into the autoclave and stirred for 5 min in order to extract 
the product. The water phase (upper phase) was collected under argon with a syringe, leaving 
the IL phase in the reactor containing the catalyst. A new batch of DIMCARB was added into 
the reactor and a new cycle was carried out as described above. However, the high reaction 
temperatures caused a gas leakage, and the recycling experiments had to be stopped after the 
second cycle. The water phases collected in both reactions and the IL were analyzed by NMR 
in order to determine the quantity of the product formed. The yields to DMF were 58 % and 
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Figure 3.3-11: Pressure-time curve of a reaction with [RuCl2(dppe)2] and [Ru(tmm)(triphos)] in the presence 
of water 
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Figure 3.3-12: Recycling experiments with [RuCl2(dppe)2] in a finger autoclave. Reaction conditions: 
DIMCARB (8 mmol, 1 mL); [OMIM]NTf2 (1 mL); [RuCl2[dppe]2] (12 mg, 0.012 mmol); T = 140 °C; p°(rt) = 
60 bar (H2:CO2=2:1); t = 3 h; Finger autoclave (10 mL) 
Figure 3.3-13: Recycling experiments with [Ru(triphos)(tmm)] in a finger autoclave. Reaction conditions: 
DIMCARB (8  mmol, 1 mL); [OMIM]NTf2  (1 mL); [Ru(triphos)(TMM)]  (10 mg, 0.013 mmol); T = 140 °C;
p°(rt) = 60 bar (H2:CO2=2:1);  t = 3 h; Finger autoclave (10 mL) 
 
51 % in the first and second cycle, respectively; whereas the yield to dimethylammonium 
formate salt was only 2 % in both reactions.  
In order to avoid any leakage problem, the window autoclave was substituted for a 
10 mL metal sealed finger autoclave. These reactors allow temperatures of 200 °C and 
pressures of 250 bar. For this reason, several cycles could be carried out at 140 °C without 
any leakage problem. The productivity and stability of both Ru-complexes, [RuCl2(dppe)2] 
and [Ru(tmm)(triphos)], were tested in two recycling experiments under the same conditions 
described above (Figures 3.3-12 - 3.3-13). 
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Figures 3.3-12 and 3.3-13 show that both catalysts exhibited similar trends: the 
productivity dropped continuously during the four cycles performed and the amine was 
converted principally into DMF. The yield to formate always being around 1-2%, even in the 
3rd and 4th cycles, where the yield to DMF decreased noticeably. Whereas the recycling 
experiments with [RuCl2(dppe)2] showed a constant moderate productivity decrease, a drastic 
conversion fall took place after the second cycle with [Ru(tmm)(triphos)], in which the total 
DMF-yield decreased from 37 % to 12 %. However, the tridentate catalyst showed a higher 
productivity than the bidentante one, with a total TON of 1330 vs. 965.  
The Ru-complexes were recycled up to four times with a rapid drop of productivity 
up to around 60 %. The conversion achieved in the finger autoclave was lower than in the 
window autoclave, with the same catalyst under the same conditions (34 % vs. 58 %), which 
could have been caused by an inefficient stirring in the finger autoclaves. 
 
• Diethylamine as a base 
As demonstrated in Chapter 3.3.1, the use of diethylamine as a base in the 
hydrogenation of CO2 showed a higher selectivity for diethylammonium formate than for 
diethylformamide, achieving yields of 67 % and 11 % for formate and formamide, 
respectively. The formation of diethylformamide via the dehydration step was completely 
inhibited when the reaction was carried out in water, whereas 82 % of the amine was converted 
into the formate salt.  
In order to optimize the reaction, the effect of the pressure and the amount of water 
added in the reaction were investigated. The reaction was carried out using the benchmark 
catalyst [RuCl2(dppe)2] according to the procedure described at the beginning of the Chapter. 
First, the autoclave was pressurized with different amounts of CO2 and H2: a) 20 bar CO2 and 
40 bar H2, b) 40 bar CO2 and 40 bar H2 and c) 30 bar CO2 and 60 bar H2 (Figure 3.3-14). 
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Figure 3.3-14: Effect of water on the hydrogenation of CO2 using diethylamine as a base in the presence of 
water. Reaction conditions: Diethylamine = (7.9 mmol, 0.83 mL); NHEt2:H2O = 1:1.2 Vol-%; [RuCl2(dppe)2] 
(10 mg, 0.010 mmol); [EMIM]NTf2 (1 mL); T = 70 °C; t = 3 h; window autoclave (10 mL); Yield = 
[formate](mmol) determined by 1H-NMR/[HNEt2](mmol) 
 
 
 
 
 
 
 
 
 
 
The yield to formate increased from 69 % to 82 %, when the overall pressure rose 
from 60 to 90 bar with an excess of H2 (Figure 3.3-14). These formate base adducts appeared 
in water in a ratio of 1:1. In contrast to this, the yield to formate decreased to 53 %, when the 
reaction was performed at 80 bar with a ratio of CO2:H2=1:1. Moreover, the ratio formate:base 
decreased to 0.75:1 and the presence of diethylammonium bicarbonate was detected by 13C-
NMR. These results indicate that the formation of formates is promoted by an excess of H2 
beyond the stoichiometric 1:1 ratio under these reaction conditions. 
Further 2D-NMR analyses indicated that the amine, which failed to stabilize the 
formate formed in the hydrogenation of CO2, led to the formation of bicarbonate adducts. A 
possible reason for this bicarbonate formation could be the participation of carbonate species 
as reaction intermediates. As described in Chapter 3.1.3, CO2 in aqueous solutions is always 
in equilibrium with carbonate and bicarbonate. Depending on the reaction conditions, one or 
the other species would be present as a major product, becoming very difficult to difference 
which of these species will be really converted into formate.  
Next, the reaction was carried out in different amine/water concentrations. As 
shown in Figure 3.3-15, the yield of formate reaches a maximum (82 %) when the ratio 
amine:water is approximately 1, decreasing at higher or lower values. Comparing the reactions 
at 0.5 Vol.-% and 2.0 Vol.-% of amine/water, it could be observed that similar yields were 
achieved (54 % and 57 %, respectively). In addition, bicarbonate was observed in both 13C-
NMR analysis. These observations led to conclude that neither the excess of water nor the 
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Figure 3.3-15: Effect of diethylamine concentration in the hydrogenation of CO2 with water as a solvent; Yield
= [formate](mmol)determined by 1H-NMR/[HNEt2](mmol); Diethylamine (9.5 mmol, 1 mL); [OMIM]NTf2 (1 
mL); [RuCl2(dppe)2] (10 mg, 0.010 mmol); T = 70 °C; p°(r.t) = 90 bar (H2:CO2=2:1); t = 3 h; window autoclave 
(10 mL). 
excess of amine promotes the reaction and the reaction has to be carried out in a 1:1 
amine:water solution. This effect could be caused by the saturation of the water with the 
carbonate species, increasing the basicity of the solution and slowing down the reaction. 
 
 
 
 
 
 
   
 
   
 
 
 
 
In the next step, the recyclability of the catalyst at the overall pressures of 90 bar 
and 60 bar was tested. The water phase was separated after every cycle and the product was 
analyzed by 1H and 13C-NMR in order to determine the quantity of product formed and the 
presence of bicarbonate. The turnover number was calculated dividing the mmol of formate 
generated between the mmol of catalyst added. The catalyst immobilized in the stationary 
phase (IL) was reused only two times because of a dramatic productivity reduction during the 
time from the second to the third cycle. The total turnover number at 90 bar was higher than 
at 60 bar, 1250 vs. 970, being the conversions during the 1st and 2nd cycle at 90 bar 
approximately 20 % higher than at 60 bar (Figure 3.3-16).  
In these experiments it was observed that the formate base ratio of the adducts 
decreased at the same time as the generation of bicarbonate increased. The first cycles led to 
ratios of 1:1, which are the usual ratios observed in the single reactions. However in the second 
cycle, ratios of formate:base of 0.78:1 and 0.74:1 were observed at 90 bar and 60 bar, 
respectively, and in the third cycles the ratios dropped to 0.26:1 and 0.21:1 at 90 bar and 60 
bar, respectively.  
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Figure 3.3-16: Recyclability of [RuCl2(dppe)2] (10 mg, 0.01 mmol) in the semi-continuous hydrogenation of CO2
using diethylamine as a base (7.9 mmol, 0.83 mL); NHEt2:H2O 1:1 Vol-%; [OMIM]NTf2 (1 mL); T = 70 °C; 
H2:CO2=2:1; t = 3 h/cycle; window autoclave (10 mL); [b] TON = [formate]1H-NMR (mmol)/ [Ru](mmol) 
 
 
 
 
 
 
  
 
 
 
 
This conversion decrease was also confirmed during the recording of the pressure 
drop over time in the reaction at 60 bar. As shown in Figure 3.3-17, the first reaction was 
completed in around 40 min, but during the second cycle the initial velocity of the CO2 
hydrogenation became slower and the reaction took around 70-80 min to be completed. In the 
third cycle, the pressure drop nearly stopped after 20 min, with a slight gas consumption. 
Moreover, the increasing generation of bicarbonate became noticeable after the second cycle. 
These observations led to the conclusion that the catalyst loses its stability over the cycles and 
the hydrogenation cannot take place. 
 
 
 
 
 
 
 
 
 
 
Ratio HCOOH:HN(CH2CH3)2 
Cycle 90 bar 60 bar 
1° 1:1 1:1 
2° 0.78:1 0.74:1 
3° 0.26:1 0.21:1 
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Figure 3.3-17: Pressure-time curve of each catalytic run with [RuCl2(dppe)2] at 60 bar 
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• Diisopropylamine as a base 
The reactions with diisopropylamine as a base in the biphasic system ionic 
liquid/water exhibited a different behavior than the same reactions with dimethylamine and 
diethylamine: formamide is neither generated in the absence nor in the presence of water, and 
the formate species is a white solid instead of a yellow viscous liquid. In order to ensure the 
complete dissolution of the product and to guarantee a homogeneous reaction mixture, a larger 
amount of water with respect to diisopropylamine had to be applied (HNiPr2:H2O = 1:2). 
Figure 3.3-18 shows the reaction procedure and the subsequently workup: two phases were 
formed when water was added to the ionic liquid containing the catalyst and the base; CO2 
and H2 were pressurized and the reactor was heated to 70 °C. Then the mixture was stirred 
vigorously for 2 h and, after cooling, two phases were again formed and separated. A sample 
of each phase (ca. 0.2 mL) was analyzed by 1H and 13C-NMR to determine the quantity of the 
product generated and the presence of bicarbonate. Finally, the product dissolved in the water 
phase was isolated via water evaporation, and the ratio of the formate base adduct was 
determined by 1H-NMR. The proton analysis showed that, while the formate base adducts in 
water usually appear in a ratio close to one or lower, the isolated compounds form higher 
aggregates, leading to formate:base ratios of 1.15-1.30:1. Probably some amine leaves with 
the water during evaporation and the azeotrope formed remains, leading to compounds with 
different ratios. 
 
 
 
 
 
 
 
 
 
 
ΔT 
 
 
Figure 3.3-18: Reaction steps in the hydrogenation of CO2 to diisopropylammonium formate, including final 
product isolation. 
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CO2 was hydrogenated with diisopropylamine as a base in the presence of 
[RuCl2(dppe)2] or [Ru(tmm)(triphos)] under different conditions, such as the catalyst loading 
or the overall pressure. Using 0.13 Mol.-% of [RuCl2(dppe)2], formate yields of 78 % and 73 
% were achieved at 90 bar and 60 bar, respectively (Table 15, Entries 1-2). However, when 
the catalyst loading was reduced from 0.13 Mol.-% to 0.05 Mol.-% at a pressure of 90 bar, the 
yield dropped drastically to 38 %, the ratio formate:base decreased to 0.5:1, and the presence 
of bicarbonate was first observed by 13C-NMR (Table 15, Entry 3). Substituting the bidentate 
ligand of the Ru-complex for the tridentate one, the amount of product formed underwent a 
large increase, reaching yields of 91 % and 84 % with 0.16 Mol.-% and 0.05 Mol.-% of 
catalyst, respectively (Table 15, Entries 4-6). As observed before with the bidentate Ru-
complex, the reaction at 60 bar underwent a slight yield decrease compared with the same 
reaction at 90 bar, achieving a value of 85 % (Table 15, Entry 5). In all these experiments the 
formate was completely dissolved in the water phase, therefore the yield just refers to the 
product detected in the water phase. Less than 1 % of the pure amine was found in the ionic 
liquid and no rest of formate or bicarbonate was observed in it, which means that the ratio 
amine:formate in water is equal to the conversion of amine into formate. 
 
 
 
 
Table 15: Hydrogenation of CO2 to formate using diisopropylamine as a base in a biphasic 
system ionic liquid/water[a] 
Entry 
 
Ru-complex  
 
Mol.- 
[%] 
YHCOOH[b] 
[ %] 
TON[c] 
Ratio 
HCOOH: 
HNiPr2 in 
H2O 
Ratio 
isolated 
HCOOH: 
HNiPr2 
1 [RuCl2(dppe)2]  0.13 78 610 0.94:1 1.29:1 
2[d] [RuCl2(dppe)2]  0.13 73 575 0.92:1 1.16:1 
3 [RuCl2(dppe)2]  0.05 38 790 0.50:1 1.16:1 
4 [Ru(tmm)(triphos)]  0.16 91 550 0.97:1 1.26:1 
5[d] [Ru(tmm)(triphos)]  0.16 85 500 0.91:1 1.24:1 
6 [Ru(tmm)(triphos)]  0.05 84 1750 0.98:1 1.23:1 
[a]Reaction conditions: Diisopropylamine (7.9 mmol, 1.1 mL); HNiPr2:H2O = 1:2 Vol.-%; [OMIM]NTf2 (1 
mL); p°(r.t) = 90 bar (H2:CO2=2:1); T = 70 °C; t = 2 h; window autoclave (10 mL); [b]Yield =[formate]1H-
NMR (mmol)/[HNiPr2]initial (mmol); [c]TON = [formate]1H-NMR (mmol)/[Ru](mmol); [d]p° 60 bar (H2:CO2 = 2:1) 
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The higher productivity of [Ru(tmm)(triphos)] vs. [RuCl2(dppe)2] is clearly 
reflected in the maximal turnover number obtained with each Ru-complex: 1750 and 790, 
respectively (Table 15, Entries 3-6). Despite the huge difference in conversion, the ratio of 
isolated formate base adduct always varied between 1.16 and 1.29 and it did not correlate with 
the productivity, i.e the higher yields did not result in the higher aggregates. 
The decrease of the overall pressure during the different reactions represented in 
Figure 3.3-19 is consistent with the results exhibited before. The largest gas consumption (27 
bar) took place within the first 20 min of the reaction with 0.05 Mol.-% [Ru(tmm)(triphos)]. 
This reaction was completed in 40 min, achieving a yield of 84 %. The course of the reaction 
with 0.13 Mol.-% of [RuCl2(dppe)2] is very similar to the one with the tridentate ligand, the 
pressure drops very fast during the first 30 min, and then remains constant for the next 90 min. 
The total gas consumption of this reaction (20 bar) was slightly lower than the gas 
consumption with [Ru(tmm)(triphos)]. This fact was manifested in a lower yield (78 %). On 
the contrary, the reaction performed with 0.05 Mol.-% of [RuCl2(dppe)2] was very slow, 
which led to a much lower formate generation (yield < 40 %) and a high bicarbonate 
production.  
All these observations led to the conclusion that in single reactions and under the 
same conditions, [Ru(tmm)(triphos)] is more active than [RuCl2(dppe)2]. Further trials were 
carried out in order to investigate the stability of these Ru-complexes in the reaction. 
 
 
 
 
 
 
 
 
 
 
[Ru(tmm)(triphos)] / 0.05 Mol.-% 
[RuCl2(dppe)2] / 0.13 Mol.-% 
Figure 3.3-19: Pressure-time curve of three different reactions: 0.05 Mol.-% [RuCl2(dppe)2]; 0.13 Mol.-% 
[RuCl2(dppe)2] and 0.13 Mol.% [Ru(tmm)(triphos)] 
 [RuCl2(dppe)2] / .05 Mol.-% 
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Figure 3.3-20: Recyclability of two different Ru(II)-catalyst with diisopropylamine as a base: [RuCl2(dppe)2] 
(0.010 mmol, blue) and [Ru(tmm)(Triphos)] (0.013 mmol, orange): Diisopropylamine (7.2 mmol, 1.0 mL); 
HNiPr2:H2O = 1:2 Vol.-%; [OMIM]NTf2 (1 mL); T = 70 °C; p°(r.t) = 90 bar (H2:CO2=2:1) ;t = 2 h/cycle; TON 
= [formate]1H-NMR ((mmol)/[Ru](mmol) 
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The next step to illustrate the effectiveness of the reaction was to check the catalyst 
recyclability of each Ru-complex. For that purpose, five reaction cycles were carried out at 
the optimized conditions testing both catalysts [Ru(tmm)(triphos)] and [RuCl2(dppe)2] 
immobilized in [OMIM]NTf2. The reactions were carried out as described above: the water 
phase was separated by simple decantation at the end of each cycle, and fresh amine and water 
were added for each run. The catalyst was reused four times (Figure 3.3-20). The amount of 
formate formed and the ratio formate:base of the adduct in the water phase were determined 
via 1H-NMR. In addition, extra 13C-NMR analyses were carried out in order to check the 
generation of carbonate species.  
In Figure 3.3-20, one can observe that both catalysts showed a similar productivity 
during the five cycles: a total TON of 2230 was achieved with 0.16 Mol.-% of 
[Ru(tmm)(triphos)] and a total TON value of 2610 with 0.13 Mol.-% of [RuCl2(dppe)2]. 
However, whereas the formate:base ratio of the adduct formed with [Ru(tmm)(triphos)] was 
constantly close to one in each cycle, the ratio of the formate species with [RuCl2(dppe)2] 
dropped after the third cycle to 0.7:1 (Table 16). In addition to the ratio decrease, the formation 
of bicarbonate as a by-product appeared after the 3rd cycle. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
[RuCl2(d pe)2]  [Ru(t m)(triphos)]  
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Figures 3.3-21 and 3.3-22 represent the recorded pressure curves during the 
recycling experiments with both Ru-complexes. The stability of [RuCl2(dppe)2] revealed a 
noticeable decrease after the second cycle, from which the reaction became slower and led to 
the formation of bicarbonate. In contrast to this, the reactions with the tridentante ligand all 
showed the same trend, all being completed in around 60-70 min. According to these 
observations and to previous observations, it can be concluded that [Ru(tmm)(triphos)] is 
more stable than [RuCl2(dppe)2] under the same conditions, and it leads to a higher formate 
adduct production. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 16: Ratio HCOOH:HNiPr2 determined via 1H-NMR during the 
recycling experiments with both Ru-complexes. 
Cycle HCOOH:HNiPr2 with 
[RuCl2(dppe)2] 
HCOOH: HNiPr2 with 
[Ru(tmm)(triphos)] 
1° 1:1 1:1 
2° 0.89:1 0.92:1 
3° 0.91:1 0.90:1 
4° 0.70:1 0.87:1 
5° 0.66:1 0.90:1 
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Figure 3.3-21: Recorded pressure curves during the recycling experiments with HNiPr2 for [RuCl2(dppe)2] as a 
catalyst at 70°C and 90 bar. 
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Finally, ICP-OES analyses were carried out to determine the amount of Ru leached 
into the water phase. When [RuCl2(dppe)2] was used as a catalyst, the percentage loss of the 
originally charged Ru increased from 1.4 % to 3.6 % from the first to the third cycle, and 
decreased drastically in the fifth cycle to 0.7 %. The same trend was observed for the 
phosphorus analysis, which reached a maximum loss of 11 % in the third cycle. The ICP-
analysis of the recycling experiments with [Ru(tmm)(triphos)] as a catalyst showed a different 
behavior, with a constant Ru- and P-leaching which did not overcome 2 %. These results lead 
us to conclude that the decrease of activity observed after the third cycle with [RuCl2(dppe)2] 
could be caused partially by a loss of catalyst due to the higher leaching.  
These satisfactory experiments clearly demonstrate that HNiPr2 offers superior 
properties for recyclization experiments over HNEt2. Both the productivity as well as the 
stability analysis indicate that this amine is able to lead to higher formate yields and enhances 
the catalyst life span of the catalyst. As mentioned above, in accordance with [RuCl2(dppe)2] 
deactivation, a noticeable increase of bicarbonate formation was observed after the third cycle. 
Similar observations were not observed in the reactions with [Ru(tmm)(triphos)], making the 
combination of [Ru(tmm)(triphos)] with HNiPr2 as an amine component an excellently 
performing catalyst system. 
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Figure 3.3-22: Recorded pressure curves during the recycling experiments with HNiPr2 for [Ru(tmm)(triphos)] 
as a catalyst at 70°C and 90 bar. 
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• Triethylamine as a base 
The effectiveness of triethylamine in the production of formic acid derivatives from 
CO2 and H2 and the catalytic decomposition of the corresponding products has been 
demonstrated in several works of research.[143,202] In the 1980s, BP patented a process in which 
triethylammonium formate was successfully formed and subsequently separated from an 
aqueous solution.[191–193] Recently Schaub und Paciello reported about a system for the 
synthesis of formic acid, using a tertiary amine as a base. They obtained a maximal TOF of 
659 h-1, using trihexylamine as a base, [Ru(PEt3)4(H)2] as a catalyst and 2-methyl-1,3-
propanodiol as a solvent.[194] These successful results led us to test the effect of a tertiary 
amine in our biphasic system. 
The reactions with triethylamine as a base were carried out at 70°C under different 
pressures (60-90 bar) and with both Ru-complexes which had been tested before with other 
amines. In addition, the effect of the catalyst precursor without any ligand was also tested. As 
described at the beginning of the chapter, the complete reaction mixture was collected after 
reaction, the autoclave was washed with water to remove the remaining solution (2 mL x 2) 
and both phases, water and ionic liquid, were separated. A sample of each phase (ca. 0.2 mL) 
was transferred to the NMR tube and quantified, using 1,4-dioxane as the internal standard. 
The amount of formate formed was determined by comparing the integrals of the formate 
protons at ~8.3-8.5 ppm and the dioxane signal at ~3.53 ppm.  
Table 17: Hydrogenation of CO2 to formate using triethylamine as a base in a biphasic 
system ionic liquid/water 
Entry 
 
Ru-complex  
 
Mol 
[%] 
YHCOOH[b] 
[%] 
TON[c] 
Ratio 
HCO2H: 
NEt3 in 
H2O 
Ratio 
isolated  
HCO2H: 
NEt3 
1 [RuCl2(dppe)2]  0.13 72 540 1.06:1 1.45:1 
2[d] [RuCl2(dppe)2]  0.13 60 470 0.97:1 1.38:1 
3 [Ru(tmm)(triphos)] 0.16 70 420 1:1 1.85:1 
4 [Ru(acac)3)]  0.16 50 314 0.60:1 1.51:1 
[a]
 Reaction conditions: Triethylamine (7.9 mmol, 1 mL); NEt3:H2O = 1:1.2 Vol.-%; [OMIM]NTf2 (1 mL); T = 
70 °C; t = 2 h; window autoclave (10 mL); [b] [formate]1H-NMR (mmol)/[NEt3]initial (mmol) [c] TON = [formate]1H-
NMR (mmol)/[Ru](mmol) [d] p° 60 bar (H2:CO2 = 2:1) 
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While [RuCl2(dppe)2] and [Ru(tmm)(triphos)] showed very similar productivities, 
achieving yields of around 70 % in both cases, the yield to formate decreased to 60 % when 
the total pressure was reduced to 60 bar (Table 17, Entries 1-3). A dramatic drop in production 
took place when [Ru(acac)3] was used as a catalyst at 90 bar, where the yield to formate 
decreased to 50 % and the TON to 314 (Table 17, Entry 4). Furthermore, the ratio formate:base 
was 0.60:1 and the amine that did not participate in the hydrogenation led to the generation of 
bicarbonate. As opposed to this, the isolated product formed in the different reactions resulted 
in an adduct with a higher ratio that varied from 1.4-1.85. In all these experiments the formate 
was completely dissolved in the water phase, therefore the yield just refers to the product 
detected in the water phase. Less than 1 % of the pure amine was found in the ionic liquid and 
no rest of formate or bicarbonate was observed in it, which means that the ratio amine:formate 
in water is equal to the conversion of amine into formate. 
The decrease in the overall pressure during the different reactions represented in 
Figure 3.3-23 is consistent with the results exhibited before. While a rapid gas consumption 
took place within the first 30 min in the hydrogenation of CO2 with [RuCl2(dppe)2] and 
[Ru(tmm)(triphos)], the reaction with [Ru(acac)3] was very slow, leading to a lower formate 
generation and a high bicarbonate production. The reactions with the bidentate and tridentate 
ligands were completed in approx. 50 min, leading to the formation of adducts with 
formate:base ratios of 1:1 in water in yields of 70 %, without any remainder of bicarbonate. 
These observations led to the conclusion that a ligand must be attached to the ruthenium 
complex in order to promote the hydrogenation of CO2. In these single reactions, both catalyst 
[RuCl2(dppe)2] and [Ru(tmm)(triphos)] showed a similar behavior with a higher productivity 
than [Ru(acac)3]. In order to check the stability of these Ru-complexes, further trials were 
carried out.  
 
 
 
 
 
 
 
121 
 
 
 
 
 
 
 
 
 
 
 
 
The next step to illustrate the effectiveness of the reaction was to check the catalyst 
recyclability of each Ru-complex. For that purpose, five reaction cycles were carried out at 
the optimized conditions with triethylamine as a base and the three different catalyst 
precursors tested in the individual experiments: [Ru(acac)3], [Ru(tmm)(triphos)] and 
[RuCl2(dppe)2]. The reactions were carried out as described above: the water phase was 
separated by simple decantation at the end of each cycle and fresh amine and water were added 
for each run. The catalyst was reused four times (Figure 3.3-24). The amount of formate 
formed and the ratio formate:base of the adduct in the water phase were determined via 1H-
NMR. In addition, extra 13C-NMR analyses were carried out in order to check the generation 
of carbonate species.  
In Figure 3.3-24 it is observed that both Ru-complexes with a ligand showed a 
similar productivity during the five cycles: a total TON of 2210, which is calculated as the 
sum of all TON values over all cycles, was achieved with 0.13 Mol.-% of [RuCl2(dppe)2] and 
a total TON value of 2390 with 0.16 Mol.-% of [Ru(tmm)(triphos)] However, the total TON 
dropped to 1510 with 0.16 Mol.-% of [Ru(acac)3].  
 
 
 
 
Figure 3.3-23: Pressure-time curve of three different reactions: 0.10 Mol.-% [RuCl2(dppe)2], 0.16Mol.-% 
[Ru(acac)3] and 0.13 Mol.% [Ru(tmm)(triphos)] 
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These recycling experiments led to conclude that, whereas the amount of product 
with [Ru(tmm)(triphos)] enhanced during the last two cycles and the formate:base ratio was 
always between 1 and 0.8, the same trial with [RuCl2(dppe)2]  resulted in a drop of 
productivity after the third cycle. The ratio formate:base  also decreased gradually, reaching 
values of 0.7:1 and 0.3:1 in the fourth and fifth cycles, respectively (Table 18), and the 
formation of bicarbonate became noticeble. Despite the lower total TON reached with 
[Ru(acac)3] and the low formate:base ratio achieved in the first cycle 0.54:1, this complex 
showed a stable behavior during the following recycling experiments. The amount of formate 
was nearly constant during the five experiments, and the ratio formate:base increased to 0.9:1. 
Table 18: Ratio of the adduct HCOOH:NEt3 in water determined via 1H-NMR during 
the recycling experiments with the different Ru-complexes 
Cycle 
HCOOH:NEt3 
with [Ru(acac)3] 
HCOOH:NEt3 with 
[RuCl2(dppe)2] 
HCOOH:NEt3 with 
[Ru(tmm)(triphos)] 
1° 0.54:1 1:1 1:1 
2° 0.82:1 0.91:1 0.82:1 
3° 0.83:1 0.85:1 0.80:1 
4° 0.90:1 0.70:1 0.85:1 
5° 0.82:1 0.30:1 0.90:1 
Figure 3.3-24: Recyclability of three different Ru(II)-catalyst with triethylamine as a base:[Ru(acac)3] (0.013
mmol, blue), [RuCl2(dppe)2] (0.010 mmol, yellow) and [Ru(tmm)(triphos)] (0.013 mmol, grey). Reaction 
conditions: Triethylamine (7.9 mmol base, 1 mL)); NEt3:H2O = 1:1.2 Vol.-%; [OMIM]NTf2 (1 mL); T = 70 °C; 
p°(r.t) = 90 bar (H2:CO2=2:1); t = 120 min; TON =[formate]1H-NMR (mmol) / mmol [Ru] 
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Nevertheless, the 13C-NMR analysis of all the water phases revealed the presence of 
bicarbonate.  
Figure 3.3-25 shows the pressure drop during the different recycling experiments 
with [RuCl2(dppe)2]. As observed above in the productivity results, this catalyst experienced 
an activity drop after the third cycle. The first two cycles followed exactly the same trend, 
being completed in around 40 min with a total pressure decrease of 20 bar. Despite the fact 
that the pressure in the third cycle also dropped 20 bar, around 80 min were necessary for the 
reaction to be completed, which was the first indicator of a loss of stability. The last two 
reactions exhibited a completely different behavior: the reaction velocity decreased 
dramatically, leading to gas consumptions of 10 and 4 bars after 120 min in the fourth and 
fifth cycles, respectively.  
 
  
 
 
 
 
 
 
 
 
 
 
Whereas the stability of [RuCl2(dppe)2] decreased constantly over the recycling 
experiments, showing a slight activity in the last cycle, the reactions with the other two Ru-
complexes indicated a higher catalyst stability. As represented in Figures 3.3-26 and 3.3-27, 
[Ru(tmm)(triphos)] and [Ru(acac)3] showed a similar activity during the recycling 
experiments. Using the tridentante triphos, every reaction was completed in around 60-70 min, 
the total pressure drop being around 25-30 bar. Nevertheless, although the ruthenium 
precursor without ligand exhibited the same pressure drop trend during the recyclability test, 
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Figure 3.3-25: Recorded pressure curves during the recycling experiments with NEt3 for [RuCl2(dppe)2] as a 
catalyst at 70°C and 90 bar.  
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the reactions were slower, and they did not reach any constant pressure during the 120 min 
reaction time (Figure 3.3-27).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3-27: Recorded pressure curves during the recycling experiments with NEt3 for [Ru(acac)3] as a 
catalyst at 70°C and 90 bar. 
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Figure 3.3-26: Recorded pressure curves during the recycling experiments with NEt3 for [Ru(tmm)(triphos)] 
as a catalyst at 70°C and 90 bar.  
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Productivity and stability results are consistent with each other: slower reactions 
led to a lower productivity and the simultaneous increase in the formation of bicarbonate. 
Moreover, it could also be concluded that the Ru-complex requires a phosphorus ligand to 
achieve an effective hydrogenation of CO2 in this biphasic system. Among the catalysts tested 
in these investigations, [Ru(tmm)(triphos)] showed the highest productivity and stability, 
leading to very good results with both, diisopropyl- and triethylamine.   
 
  Hydrogenation of CO2 with other bases 
Apart from the dimethylamine, diethylamine, diisopropylamine and triethylamine, 
other bases were also tested in the water/ionic liquid system with the benchmark catalyst 
[RuCl2(dppe)2]. A solution of the Ru-complex (0.015-0.025 mmol) in [OMIM]NTf2 (1 mL) 
was transferred into a 10 mL autoclave under argon. The different bases were added as 
follows: 
a) Tributylamine (0.9 mL, 3.8 mmol) was inserted and stirred together with the 
previously added ionic liquid. Afterwards H2O (1.2 mL) was added. 
b)  Monoethanolamine (0.5 mL, 7.9 mmol) was diluted in water (0.7 mL) and 
transferred into the autoclave. 
c) NaOH (316 mg, 7.9 mmol) and KOH (896 mg, 16.0 mmol) were weighed and 
diluted in water (4 mL). The solution was transferred into the autoclave under 
argon. 
The reactor was pressurized with H2 (60 bar) and with CO2 (30 bar) at RT (stirrer 
off) and then heated to 70 °C. The stirrer was switched on and the reaction mixture was 
vigorously stirred for several hours (5 h for tributylamine, NaOH and KOH and 2 h for 
monoethanolamine). The autoclave was cooled on ice and carefully vented. The product 
mixture was collected with a syringe and both phases (water at the top and IL at the bottom) 
were separated and weighed.  A sample of each phase (ca. 0.2 mL) was transferred to the 
NMR tube and weighed. In the NMR analyses of the products with tributylamine, NaOH and 
KOH, 1,4-dioxane (ca. 20 mg) was used as the internal standard and D2O as a deuterated 
solvent. For the analysis with monoethanolamine, toluene (ca. 20 mg) was used as the internal 
standard because the 1,4-dioxane signal overlapped the signal of the product. In this analysis, 
DMSO-d6 was used as deuterated solvent.  
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The samples were measured by 1H and 13C-NMR. The amount of formate was 
determined by comparing the integrals of the formate protons at ~8.40 ppm and the 1,4-
dioxane or toluene signal at ~3.53 ppm and ~2.30 ppm, respectively. Yields were calculated 
as the total amount of formate (mol), as determined from 1H-NMR spectra per mol of base 
added. The presence of bicarbonate was determined by 13C-NMR. 
 
 
Experiments with tributylamine as a base resulted in a yield of 50 % to formate 
species (Table 19, Entry 1) without any presence of bicarbonate. However, an interchange 
between the imidazolium species of the ionic liquid and the tributylammonium species took 
place, resulting in the formation of [OMIM]HCOO in the water phase and [NBu3]NTf2 in the 
ionic liquid phase. This effect led to the dismissal of further studies with long chain amines. 
A different type of base tested in this reaction was an alcohol-amine. Ethanolamines 
diluted in water are frequently employed to remove CO2 from flue gases produced in coal or 
gas-fired plants (CO2-scrubbing). These species act as weak bases, transforming the CO2- gas 
into a bicarbonate or a carbamate ion.[203–206] Moreover, these alcohol-amines have also been 
used as a base in the hydrogenation of CO2.[19] For these reasons, a batch experiment with 
monoethanolamine was carried out in the aqueous biphasic system to test the effectiveness of 
these bases in the system. The reaction was carried out with 0.17 Mol.-% of catalyst for two 
hours, achieving an amine conversion of 76 % (Table 19, Entry 2). The formate product in 
water had a ratio of 0.8:1 HCOOH:Base and the rest of base, which did not form any formate 
adduct, led to the generation of bicarbonate species. No remains of unreacted amine were 
observed in the ionic liquid phase. This positive result could lead to the extension of the 
Table 19: Hydrogenation of CO2 to formate using different bases in a biphasic system 
ionic liquid/water[a] 
Entry Base [mmol] Catalyst [Mol.-%] 
Time 
[h] 
Ratio 
HCO2H:Base[b] 
YHCOOH 
[%] 
1 N(C4H9)3        0.47       5 1:0.27 50 
2 H2NCH2CH2OH        0.17       2 0.8:1 76 
3 NaOH        0.30       5 - 4 
4 KOH        0.15       5 - 3 
[a]
 Reaction conditions: [OMIM]NTf2 (1 mL); [RuCl2(dppe)2]; T = 70 °C; p°(r.t) = 90 bar 
(H2:CO2=2:1); [b] Ratio of protonated base and formate anion as determined via 1H NMR spectroscopy; 
[c]
 TON = [formate]1H-NMR (mmol) / [Ru] (mmol) 
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applicability of the system to other processes where these amines are used to separate CO2 
from exhaust gases.  
Successful results published for the hydrogenation of CO2 with NaOH and KOH as 
a base led to test these amines in our biphasic system.[157] Substituting the amino bases for 
NaOH, a yield of 4 % to formate was achieved. The same reaction with KOH exhibited a 
similar productivity with a yield of 3 % (Table 19, Entries 3-4). Furthermore, in both reactions 
the majority of CO2 was converted into bicarbonate (HCO3-) which could be detected by 13C-
NMR. In order to have an idea of the amount of bicarbonate formed with respect to the base 
added, the yield to bicarbonate was calculated. Yields of 40 % and 33 % were achieved with 
NaOH and KOH, respectively, indicating that these bases are not able to promote the 
hydrogenation of CO2 as the amine bases do. 
 
  Bicarbonate species and its role in the hydrogenation of 
CO2 
The generation of bicarbonate was observed in several reactions, more particularly 
in the presence of hydroxide bases or when the catalyst lost its activity. The reaction between 
CO2 and water yields carbonic acid as product. However, depending on the reaction 
conditions, in particular temperature, pressure and pH, this compound will dissociate into its 
ionic species, bicarbonate and carbonate (Eq. 3.3-3) (Chapter 3.1.4).[37,181] 
 
 
 
In several experiments, principally when diisopropylamine was used as a base, the 
formation of a white solid in the water phase was observed after pressurization of CO2 and H2 
at room temperature. This solid was formed very fast and disappeared later while being heated 
to the reaction temperature. Several 13C-NMR analyses revealed that this product was 
diisopropylammonium bicarbonate, a stable compound at reaction conditions (thermal 
decomposition above 100 °C) formed spontaneously by the reaction of  the amine with CO2 
in the presence of water (Eq. 3.3-4). 
 
Eq. 3.3-3
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Figure 3.3-28: Pressure changes during reactivity and stability test of diisopropylammonium bicarbonate (see 
text for the conditions in phases i-iv) 
 
 
One of the reasons why this species was not observed at T > 60 °C could be its 
higher dissolution in water, leading to a homogeneous phase. However, a possible 
decomposition back into amine and CO2 should be also considered.  
In order to check the stability and reactivity of this compound under reaction 
conditions, several tests were performed in the biphasic system H2O/[OMIM]NTf2, using 
diisopropylamine as a base and [RuCl2(dppe)2] as a catalyst.  
 
 Test 1: Stability and reactivity of diisopropylammonium bicarbonate under 
different conditions. 
 
 
 
  
 
 
 
 
 
 
As shown in Figure 3.3-28, diisopropylammonium bicarbonate was pre-formed at 
room temperature and treated under several conditions in order to check its reactivity and 
stability. The procedure was as follows: 
i. [RuCl2(dppe)2] (10 mg, 0.010 mmol) was dissolved in [OMIM]NTf2 (1 mL) and 
the solution was transferred to a 10 mL window autoclave under argon. Diisopropylamine (1 
mL, 7.2 mmol) and water (2.0 mL) were added into the autoclave and the reactor was 
pressurized with CO2 (30 bar). The stirrer was switched on at room temperature and a drop of 
Eq. 3.3-4 
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pressure of around 13 bar was recorded in the first 10 minutes. From that point the pressure 
remained constant. The presence of a solid was directly observed on the surface of the water 
phase after CO2 pressurization. 
 
ii.  Subsequently, the autoclave was pressurized with H2 (60 bar) and stirred for two 
hours at room temperature. During this time, the pressure remained constant. After the 
hydrogenation, the autoclave was depressurized and a sample of the product (ca. 0.2 mL) was 
collected and analyzed by 1H and 13C-NMR. Only HCO3- was observed, i.e. the hydrogenation 
did not take place. The pH of the solution was measured, resulting in a value around 8. 
 
iii.  The autoclave containing both phases (water and IL) was heated progressively 
(ramp of 25 °C) to 100 °C. During the heating, the solid disappeared but, in contrast to the 13 
bar consumed during the formation of bicarbonate (i), the pressure only increased to 5 bar, 
indicating that the bicarbonate did not decompose completely to CO2 (Figure 3.3-29).  
 
iv.  Finally, the reactor was pressurized again with H2 (60 bar) and stirred for two 
hours at 100 °C. The only product detected after this reaction was diisopropylammonium 
formate, which was formed in a yield of 81 %, respecting the initial amount of HNiPr2. 
 
 
 
 
 
 
 
 
These observations led to the conclusion that CO2 cannot be hydrogenated at room 
temperature with [RuCl2(dppe)2] as a catalyst. A plausible reason for this behavior is the rapid 
formation of carbonate species by the reaction of CO2 with water in the presence of a base. 
As explained before, CO2, bicarbonate and carbonate are in equilibrium and, depending on 
the conditions, one species prevails on the others. Probably, the basicity of the solution (pH 
8) and the low temperatures (25 °C) conferred to the diisopropylammonium bicarbonate a 
high stability, preventing its decomposition and further hydrogenation. In contrast to this, a 
clear bicarbonate disappearance was observed in so far as the temperature was increased.  
   25  °C                          50  °C                          75  °C                      100  °C 
 
   25  °C                          50  °C                          75  °C                      100  °C 
Figure 3.3-29: Images of the biphasic system while heating: stability test of diisopropylammonium bicarbonate 
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When the hydrogenation was carried out at 100 °C, a yield to formate higher than 
80 % was achieved, which indicates that high temperatures are able to shift the equilibrium, 
favoring the release of CO2 and its further reaction with H2.  
 
 Test 2: Direct reaction vs. bicarbonate preformation: Temperature effect 
Several reactions with diisopropylamine as a base and [RuCl2(dppe)2] as a catalyst 
were carried out in the biphasic system IL/water at different temperatures (50 °C, 70 °C, 100 
°C). In a typical catalytic run, the catalyst (0.010 mmol) and the ionic liquid [OMIM]NTf2 (1 
mL) were transferred into a 10 mL window autoclave under argon. The amine (7.2 mmol) was 
injected and stirred together with the previously added ionic liquid. Afterwards H2O was 
added. From this point, two different reaction procedures were followed: 
a) Direct reaction: the autoclave was pressurized with CO2 (30 bar) and H2 (60 bar) 
and heated to the desired temperature without stirring. Subsequently, the stirrer was switched 
on and the reaction was vigorously stirred for 2 h. 
 
b) Preformation of bicarbonate: the autoclave was first pressurized with CO2 (30 
bar) and stirred until the pressure became constant to guarantee complete formation of 
bicarbonate. Then H2 (60 bar) was added and the mixture was heated to the desired 
temperature without stirring. Finally, the reaction was vigorously stirred for 2 h. 
 
The autoclave was cooled on ice and carefully vented. The reaction mixture was 
collected via a syringe, the autoclave was washed with water (2 mL x 2) to remove the 
complete reaction mixture, and both phases were separated. A sample of each phase (ca 0.2 
mL) was transferred to the NMR tube and quantified, using 1,4-dioxane as the internal 
standard. The formate yield was determined by comparing the integrals of the formate protons 
at 8.45 ppm and the 1,4-dioxane signal at 3.58 ppm.  
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The results represented in Figure 3.3-30 show that the productivity only depends 
on the reaction temperature, but not on the procedure. The quantity of the product formed at 
70 °C and 100 °C with and without bicarbonate preformation was exactly the same, resulting 
in a yield of formate of around 76-78 %. Furthermore, 13C-NMR analysis of all the water 
phases did not reveal the presence of bicarbonate. However, when the hydrogenation was 
carried out at 50 °C, the yields dropped to around 40 % and the presence of bicarbonate 
became notable in both cases. The same effect was observed in the ratio formate:base of the 
adduct in water: whereas the products formed at 70 °C and 100 °C led to formate:base ratios 
of 0.9:1, the adducts synthesized at 40 °C were formed in ratios of 0.40:1. These low ratios 
correspond to the amine converted into formate, being the rest transformed into 
diisopropylammonium bicarbonate. 
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Figure 3.3-30: Effect of the temperature and the formation of bicarbonate in the hydrogenation of CO2  
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The pressure drop represented in Figure 3.3-31 indicates that the two different 
procedures follow the same trend. At 100 °C both reactions were completed within 10 min 
with a difference of pressure of 7 bar, which was exactly the pressure consumed during the 
bicarbonate preformation. The reactions at 70 °C were somewhat slower and needed 30 min 
to be completed. However, they reached the same final pressures as their counterparts at 100 
°C. When the reactions were performed at 50 °C, the velocity decreased dramatically and the 
reaction took 90 min to be completed. Moreover, the drop in pressure was very similar, with 
and without bicarbonate preformation, which indicated that the H2 consumption was very low.  
All these observations led to the conclusion that the hydrogenation of CO2 must be 
carried out at temperatures of at least 70 °C to guarantee a proper reaction between CO2 and 
H2.  
 
 Test 3: Labeled 13CHCO3- NMR-experiments 
Several 13C-NMR experiments with commercially labeled NaH13CO3 were carried 
out in order to check the stability of this species at different temperatures. NaH13CO3 (ca. 0.2 
mmol) was dissolved in H2O (3 mL) and diisopropylamine (1.15 mmol) was added to the 
aqueous solution. The vial with the solution was located in a finger autoclave, and the reactor 
was pressurized with CO2 (40 bar) and stirred for 15 min at room temperature. The autoclave 
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Figure 3.3-31: Recorded pressure curves during the experiments with and without previous formation of 
bicarbonate at different temperatures. Reaction conditions: Diisopropylamine (7.2 mmol, 1.0 mL); HNiPr2:H2O 
= 1:2 Vol.-%; [OMIM]NTf2 (1 mL); [RuCl2(dppe)2] (10 mg, 0.01 mmol), p°(r.t) = 90 bar (H2:CO2=2:1); 
window autoclave (10 mL)  
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was depressurized to collect a sample of the water phase (ca. 0.2 mL) and pressurized again 
with CO2 (40 bar). The mixture was heated to 50 °C and stirred for 2 h. The autoclave was 
depressurized and a new sample (ca. 0.2 mL) was taken. Both samples were analyzed by 1H 
and 13C-NMR, the first one at 25 °C and the second one at 50 °C. From these analyses it was 
verified that the ratio HCO3:H2NiPr2 decreased from 8:1 to 4:1 from the first reaction to the 
second one. 
A solution of [RuCl2(dppe)2] (ca. 0.008 mmol) in [OMIM]NTf2 (0.7 mL) was added 
into the autoclave. The reactor was pressurized with H2 (60 bar) and stirred for 3 h at 50 °C. 
A sample of the water phase (ca. 0.2 mL) was collected after depressurization and analyzed 
by NMR again. Bicarbonate was still the only compound observed, which indicated that the 
hydrogenation did not take place. The HCO3:H2NiPr2 ratio decreased to 2:1. 
The autoclave was pressurized again with H2 (60 bar) and stirred for 3 h at 100 °C. 
1H and 13C-NMR analysis showed that the formate was the only product present in the reaction 
mixture and the bicarbonate disappeared completely. The adduct was formed in a ratio 
HCOOH:HNiPr2 of 0.90:1. 
This was one further example confirming the fact that CO2 and HCO3- are always 
in equilibrium. For this reason, high temperatures are require to promote the hydrogenation of 
CO2 and to dissolve the bicarbonate, which is rapidly formed by the reaction of CO2 with 
water in the presence of a base. 
 
3.3.4 Use of alcohols as the catalytic phase 
 
Despite the satisfactory results obtained with an ionic liquid for the catalyst 
immobilization in the previous investigations, their high price and their viscosity reduce the 
attractiveness of the process. In order to assure an economical process, ionic liquids must be 
replaced by a more suitable solvent with similar characteristics. As was mentioned before 
(Chapter 3.1.3), alcohols can promote the hydrogenation of CO2. Moreover, the hydrophobic 
properties of long-chain alcohols make them good candidates for the replacement of ionic 
liquids in the aqueous biphasic system.  
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The alcohol applied in the system should not only facilitate the immobilization of 
the Ru-complex, but also remain inert during the reaction. Among the different alcohols that 
could work as a stationary phase, 4-methyl-2-pentanol (methyl isobutyl carbinol, MIBC) 
possesses the required properties which make it a very good candidate for that purpose. Its 
low viscosity, high mass transfer, high hydrogen solubility and much lower price (10 to 1000-
fold less) makes it an excellent alternative to ionic liquids. The Ru-complexes [RuCl2(dppe)2] 
and [Ru(tmm)(triphos)], used for the biphasic system, are well soluble in this organic solvent. 
Furthermore, the partition coefficients of the pure amines and their formates are very 
favorable: the pure amine dissolves preferably in the alcohol (catalytic phase) and the formate 
adduct shows a preference for the aqueous phase facilitating its separation (Table 20). 
 
 
 
 
 
 
 Efficiency of the biphasic system H2O/4-methyl-2-
pentanol 
In a typical catalytic run, a solution of catalyst [RuCl2(dppe)2] (0.004-0.02 mmol) 
in MIBC (1 mL) was transferred into the autoclave under argon. The commercially available 
amines in aqueous solutions where used as received, whereas the rest were either dissolved 
first in water or injected in their pure form. 
a) Dimethylamine: Two different reactions were carried out, one in the presence 
of water and the other without it, using the water just to extract the product. 
The amine was injected in two different forms, in the first reaction as a 
commercial aqueous solution, and in the second one as DIMCARB.  
b) Diethylamine, diisopropylamine and triethylamine: These reactions were 
carried out in the presence of water, but the amines were injected in different 
ways. Whereas diethylamine was firstly dissolved in water and added as 
solution, diisopropylamine and triethylamine were injected in their pure form 
Table 20: Comparison of  partition coefficients MIBC
 
for diethylamine and 
diisopropylamine and their respective formate species 
Amine KH2O-MIBC  (pure amine) 
KH2O-MIBC 
           (Amine·HCOOH) 
HNEt2 0.72 5.00 
HNiPr2 0.41 3.67 
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and stirred together with the previously added MIBC. Afterwards the H2O was 
added. 
 
The autoclave was pressurized with H2 (40-60 bar) and with CO2 (20-30 bar) at 
room temperature without stirring, and then heated to the desired temperature (120 °C for the 
reactions with dimethylamine and 70°C for the other bases). The stirrer was switched on and 
the reaction mixture was vigorously stirred for two hours. Then the autoclave was cooled on 
ice and carefully vented. The complete reaction mixture was collected via a syringe, the 
autoclave was washed with water (2 x 2 mL) to remove the complete reaction mixture and 
both phases were separated. The phases were then inverted (Figure 3.3-32). A sample of each 
phase (ca. 0.2 mL) was transferred to a NMR tube and weighed.  
 
 
 
 
 
 
 
Depending on the used amine, the following quantification procedures were 
applied: 
Dimethylamine: Toluene (ca. 20 mg) was added as the internal standard. (CD3)2CO-
d6 and DMSO-d6 were added for the water and stationary phase sample, respectively. The 
formamide and formate yields were calculated by comparing the integrals of the formamide 
and the formate protons at ~8.00 ppm and at ~8.40 ppm, respectively, and the toluene signal 
at ~2.30 ppm. 
Diethyl-, diisopropyl- and triethylamine: 1,4-dioxane (ca. 20 mg) was added as the 
internal standard. D2O was added as a deuterated solvent in the water sample and DMSO-d6 
in the organic sample. The amount of formate, the ratio HCOOH:Base and the formation of 
bicarbonate were determined using a combination of 1H-NMR and 13C-NMR. The quantity of 
formate was calculated by comparing the integrals of the formate protons at ~ 8.30-8.50 ppm 
and the 1,4-dioxane signal at ~3.58 ppm. 
 
MIBC + cat 
 
 H2O Phase + 
Product  
IL + cat 
 
 H2O Phase + 
Product  
Figure 3.3-32: Biphasic system with [OMIM]NTf2/water (left) and 4-methyl-2-pentanol/water (right) 
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As can be observed in Table 21, the organic phase MIBC fulfils the expectations, 
leading to similar results in production as those obtained in previous experiments with the 
biphasic system ionic liquid/water (Chapter 3.3.3). These results demonstrated that the ionic 
liquids could be substituted for MIBC in the production of both, formamides and formates, 
without any negative effect in the activity of the catalyst.  
 
  Recycling experiments with 4-methyl-2-pentanol 
The next step was to determine the effect of this solvent on the recyclability of the 
catalyst. The recycling experiments were performed using diethylamine and diisopropylamine 
as a base. The reactions were carried out as described above: the water phase was separated 
by simple decantation at the end of each cycle, and fresh amine and water were added for each 
run. The catalyst was reused several times. The amount of formate formed and the ratio 
formate:base of the adduct in the water phase were determined via 1H-NMR with 1,4-dioxane 
as the internal standard. In addition, extra 13C-NMR analyses were carried out in order to 
regulate the generation of carbonate species.  
 
 
 
Table 21: Hydrogenation of CO2 to formate using MIBC as the catalytic phase in an 
aqueous biphasic system[a]  
Entry Base 
T  
[°C] 
Ru-complex 
cat  
[Mol.-%] 
YR2NCOH 
[%][b] 
YHCOOH  
[%][b] 
1 DIMCARB 120 [RuCl2(dppe)2] 0.13 71 3 
2[c] HNMe2 120 [RuCl2(dppe)2] 0.10 18 64 
3[d] HNEt2 70 [RuCl2(dppe)2] 0.12 - 87 
4[e] HNiPr2 70 [RuCl2(dppe)2] 0.15 - 70   
5[f] NEt3 70 [RuCl2(dppe)2] 0.15 - 72   
[a]Reaction conditions: DIMCARB (7.9 mmol,1 mL); MIBC (1 mL); p°(r.t) = 60 bar (H2:CO2=2:1); t = 2 
h; Window autoclave (10 mL); H2O (2 mL x 2) for extraction [b]mmol of product (formamide or formate) 
(mmol) determined via 1H NMR spectroscopy / mmol base added; [c]NHMe2 in H2O (7.9 M, 2 mL) [d]HNEt2
(7.9 mmol, 0.82 mL); base:H2O = 1:1 Vol.-%; p°(r.t) = 90 bar (H2:CO2=2:1); [e]HNiPr2 (7.2 mmol, 1 mL); 
base:H2O = 1:2 Vol.-%; [f]NEt3 (7.9 mmol, 1 mL); base:H2O = 1:1.2 Vol.-% 
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- Diisopropylamine as a base 
In previous catalyst recyclability studies with [OMIM]NTf2 as the catalytic phase 
(Chapter 3.3.3), the Ru-complex with triphos as ligand showed a higher stability than the 
complex with the bidentate ligand dppe, which exhibited a decrease in reaction velocity and 
a drop in pressure over the last cycles.  
Here, two different trials with diisopropylamine (7.2 mmol) as a base were carried 
out at 60 bar in order to check the recyclability of both Ru-complexes, [Ru(tmm)(triphos)] 
and [RuCl2(dppe)2], with MIBC (1 mL) as a catalytic phase. Every run was stirred for 2 h at 
70 °C, and afterwards the water phase was separated from the catalytic phase. The product 
formed was quantified by 1H-NMR. The TON was calculated as mmol of the product formed 
divided by the mmol of Ru-complex added. The same process was repeated four times.  
Figure 3.3-33 represents the productivity of each catalyst over the four different 
cycles. The total TON achieved with [RuCl2(dppe)2] is slightly higher than the total TON 
obtained with [Ru(tmm)(triphos)], 1400 and 1170, respectively. However, the productivity 
with the tridentate ligand remains very similar over the four cycles (TON per cycle = 250-
370), whereas a huge decrease was observed in the fourth cycle of the trial with 
[RuCl2(dppe)2] (TON 3rd - 4th cycles = 400-160).  
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Figure 3.3-33: Recyclability of two different Ru-catalyst: [RuCl2(dppe)2] (0.010 mmol, blue) and 
[Ru(tmm)(triphos)] (0.014 mmol, yellow) employed in the hydrogenation of CO2 with diisopropylamine as a 
base.  
 
[RuCl2(dppe)2] [Ru(t m)(triphos)] 
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These observations were substantiated with the analysis of the pressure drop curves 
during the recycling experiments with [RuCl2(dppe)2] (Figure 3.3-34), where a large decrease 
in the rate of hydrogenation uptake directly after the second cycle was observed. Due to a 
failure in the electronic system, the pressure drop of the recycling experiments with 
[Ru(tmm)(triphos)] could not be registered. However, from these results it can be concluded 
that the behavior of both catalysts in this biphasic system was the same as than in previous 
experiments with [OMIM]NTf2 as a stationary phase. 
 
 
 
 
 
 
 
 
 
 
 
- Diethylamine as a base 
In Chapter 3.3.3.2, two different recycling experiments were carried out at 60 bar 
and 90 bar at 70 °C with diethylamine as a base and [RuCl2(dppe)2] as a catalyst. In both cases, 
a drastic drop in productivity took place in the third cycle, where the amount of product formed 
decreased around 70 % with respect to the second cycle, and the presence of bicarbonate 
became noteworthy.  
In order to check the effectiveness of the new biphasic system, a recycling trial was 
performed at 60 bar and 70 °C with diethylamine (4.8 mmol) as a base and [RuCl2(dppe)2] 
(0.010 mmol) as a catalyst diluted in MIBC (1 mL). Every run was stirred for 2 h and 
afterwards, the water phase was separated from the catalytic phase and the product formed 
was quantified by 1H-NMR. The TON was calculated as mmol of the product formed divided 
by the mmol of the Ru-complex added. The same process was repeated four times. Unlike the 
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Figure 3.3-34: Recorded pressure curves during the recycling experiments with HNiPr2 and [RuCl2(dppe)2] 
as a catalyst. 
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results obtained in the biphasic system water/IL, the new system showed a constant 
productivity over five cycles without any sign of decrease (Figure 3.3-35), always achieving 
yields higher than 70 %. The total TON calculated for these 5 cycles was 2100, whereas the 
total TON previously obtained in 3 cycles with [OMIM]NTf2 at the same conditions was 970. 
Furthermore, the formate:base ratio of the adducts was constantly around 0.9:1 over the five 
cycles and no bicarbonate was observed in 13C-NMR. 
 
 
 
 
 
 
 
 
Figure 3.3-36 shows the pressure drop during the reaction time for the five different 
cycles. The first four reactions were completed in around 30 min, but the last two cycles 
needed around 40-50 min to reach a constant pressure. In contrast to the recycling experiments 
in the IL system, here the catalyst keeps its stability over the recycling experiments and all the 
reactions follow a similar trend. These results led to the conclusion that the new catalyst phase 
improves the stability of the catalyst and leads to a higher productivity of diethylammonium 
formate than the biphasic system water/IL. While the progress of the system with 
diisopropylamine was very similar with both catalytic phases, the change to MIBC improved 
the effectiveness of the system with [RuCl2(dppe)2] as a catalyst and diethylamine as a base. 
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Figure 3.3-35: Recyclability of [RuCl2(dppe)2] as a catalyst applying standard conditions HNEt2 (4.8 mmol);
base:H2O = 1:2 Vol.-%; [RuCl2(dppe)2] (0.010 mmol); MIBC (1 mL); T = 70 °C; p°(r.t) = 60 bar (H2:CO2=2:1); 
TON=[isolated product] (mmol)/[Ru] (mmol) 
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In a parallel work, our project partners from CAT Catalytic Center-RWTH Aachen 
demonstrated that diethylammonium formates could easily decompose to CO, using zeolites 
at high temperatures. This same reaction with other bulkier formate species, such as 
diisopropylammonium formate, resulted in lower decomposition rates, indicating that the 
formates formed with diethylamine are potential candidates as CO-storage materials. For these 
reasons, diethylamine was utilized as a base in the following experiments.   
 
 Semi-continuous CO2 hydrogenation  
The new biphasic system was scaled up and tested semi-continuously in a 100 mL 
stainless steel window autoclave, equipped with a mechanical stirrer (for the agitation of the 
top phase) and a magnetic bar (for the agitation of the bottom phase) (Figure 3.3-37). 
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Figure 3.3-36: Recorded drop of the gas pressure during the recycling experiments with HNEt2 and
[RuCl2(dppe)2] for the hydrogenation of CO2 in a biphasic system water/4-methyl-2-pentanol 
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The autoclave was charged with the Ru-complex dissolved in 4-methyl-2-pentanol 
(10 mL), which was reused several times, while the water phase (8-10 mL) was separated 
through the outlet valve every two hours. The temperature was kept at 70 °C during the whole 
experiment. After product separation, the new aqueous diethylamine solution (10-14 mL) was 
charged into the autoclave using an HPLC-pump. For each batch, the pressure was readjusted 
to the initial value (60 bar) adding CO2 and H2 in a ratio of 1:2 and the reaction was carried 
out for 2 h. The water phase was collected and weighed, and a sample of it (ca. 0.2 mL) was 
analyzed by NMR using 1,4-dioxane (ca. 20 mg) as the internal standard and D2O as a 
deuterated solvent. The amount of formate, the ratio HCOOH:Base and the formation of 
bicarbonate were determined via 1H- and 13C-NMR. TON values were calculated as the total 
amount of formate (mol) as determined from 1H-NMR spectra per mol of the initial catalyst 
amount. 
The effectiveness of [RuCl2(dppe)2] and [Ru(tmm)(triphos)] were tested in two 
different recycling experiments (Figure 3.3-38). The semi-continuous hydrogenation, with 
0.05 Mol.-% of [RuCl2(dppe)2] was performed for only 4 cycles due to a dramatic drop in 
productivity and a huge increase of bicarbonate generation. The TON achieved in the first 
three cycles of the process was between 1600 and 1900. However the TON decreased to 700 
in the fourth cycle, leading to a total TON of 5960 in the four cycles. The same trial with 0.04 
Mol.-% of [Ru(tmm)(triphos)] was carried out for 7 cycles with a total TON of 10200. During 
these experiments, a slight decrease of productivity also took place after the third cycle, but 
Figure 3.3-37: Experimental setup of the semi-continuous process for CO2 hydrogenation with diethylamine as 
a base. 
142 
 
 
no great increment of bicarbonate was observed until the 6th and 7th cycles, where the 
formation of bicarbonate became notable. Looking at Figure 3.3-38 and comparing only the 
first four cycles of each catalytic experiment, it can be clearly identified that the productivity 
obtained with [Ru(tmm)(triphos)] is higher than with [RuCl2(dppe)2].  
 
 
 
 
 
 
 
 
 
 
 
 
In order to test whether the decrease of productivity was caused by the leaching of 
the catalyst in the product phase, several samples were analyzed by ICP-OES (Table 22). 
These analyses indicated that the percentage loss of the originally charged Ru into the water 
phase when [RuCl2(dppe)2] was used as a catalyst increased from 5.2 % to 7.3 % from the 
first to the third cycle, decreasing drastically in the fourth cycle to 2.95 %. The same trend 
was observed for the phosphorus analysis, which reached a maximum of 28 % in the third 
cycle. In contrast to this, the ICP-analysis of different water phases from the recycling 
experiments with [Ru(tmm)(triphos)] as a catalyst showed a consistent decrease of Ru- and 
P-leaching. The percentage loss of Ru in water decreased from 4.6 % to 2.3 % and 1.6 % from 
the first to the third and fifth cycles, and the percentage of phosphorous content decreased 
from 17 % to 8 % from the first to the third cycle and then stayed constant. These results 
indicate that the lower stability observed with [RuCl2(dppe)2] in the fourth cycle could be 
caused by a loss of catalyst due to the higher leaching. 
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Figure 3.3-38: Recyclability of two different Ru-complexes with diethylamine as a base: [RuCl2(dppe)2] (0.05 
Mol.-%) and [Ru(tmm)(triphos)] (0.04 Mol.-%).  
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 Continuous CO2 hydrogenation  
The cooperation with different groups working together on the same project 
(CO2RRECT) offered the opportunity to test the biphasic system H2O/MIBC in a continuous-
flow set up designed by Prof. Arno Behr and Dipl-Ing. Kristina Nowakowski at the TU-
Dortmund (Figure 3.3-39). 
 
 
 
 
 
 
 
 
 
 
 
 
A solution of [RuCl2(dppe)2] (3.35 g, 0.35 mmol) in 4-methyl 2-pentanol (115 mL) 
was transferred into a 2 L reactor under nitrogen. Subsequently, diethylamine (101.8 mL, 1 
mol) and water (115 mL) were transferred into the reactor. The reactor was pressurized with 
H2 (30 bar) and CO2 (15 bar) and heated to 70 °C. The reaction was started as a batch 
experiment and after two hours, diethylamine in water (1.81 mL/min; 1:1.2 Vol.-%) and 4-
methyl 2-pentanol (0.96 mL/min) were continuously pumped. CO2 and H2 were also 
continuously injected in order to keep a constant pressure (p° = 45 bar). The course of the 
Table 22: ICP-OES results of three different samples of each trial 
 
[RuCl2(dppe)2] 
 
 
[Ru(tmm)(triphos)] 
 
Cycle Ru [%] P [%] Cycle Ru [%] P [%] 
1 5.18 17.80 1 4.61 17.19 
2 7.29 28.40 3 2.26 8.32 
3 2.95 11.56 5 1.62 8.29 
Gas distributor 
 
Water phase  
 
Gas  
l/g-Separator  
l/l-Separator  
Reactor  
Recycling 
catalytic 
phase  
 
Figure 3.3-39: Experimental set-up of the mini-plant for the continuous CO2 hydrogenation with triethylamine 
as a base- Prof. Behr / TU Dortmund 
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reaction was followed via Labview, and all the reaction parameters were adjusted to remain 
constant. The reaction was carried out continuously for 8 h. During this time, both phases 
(aqueous and organic) were withdrawn through a needle valve placed at the bottom of the 
autoclave and separated in a liquid/liquid separator (Figure 3.3-40). From the separator, the 
water phase was transferred into a vessel and the organic phase was pumped back into the 
reactor. The product collected in the water phase was isolated via water evaporation (Figure 
3.3-41) and the yield was calculated as mmol of isolated product/mmol of catalyst, resulting 
in a TON of 2400. The formate:base ratio of the isolated product was HCOOH:HNEt2= 1.71:1. 
The level sensors of the liquid-liquid separator were set for a mixture of triethylamine and 
water, however the behavior of the solvents used in our system is different. For this reason, 
the recirculation started later than expected (delay of 2 h) and part of the catalyst was out of 
the reactor for a long time, leading to a lower formate production.  
These experiments gave us an idea of the effectiveness of the process on a large 
scale, but further experiments should be done in order to optimize the system for larger 
formate productions. 
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Figure 3.3-40: Principle of the liquid-liquid separator 
 
Figure 3.3-41: Picture of the product mixture in water (left) and the isolated product after water evaporation 
(right) 
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 Experimental 
 
3.4.1 General descriptions 
 
 Autoclave manipulation 
The hydrogenation experiments were carried out in either 10 mL or 100 mL window 
autoclaves or in 10 mL and 20 mL finger autoclaves.  
The 10 mL window autoclave consists of a steel cylinder with two windows made 
of conic thick glass borosilica at each side. A sealing cartridge was placed in between to ensure 
the tightness, followed by the window and the klingersil disc. Finally a screw, with anti-seize 
lubricant (Chesterton 785) to prevent cold fusion of the components, was fit with a torque 
wrench (50 Nm). The electronic pressure gauge, the screw on the inlet for the charging of 
liquids under inert atmosphere and the thermocouple were fit with adjustable spanners. The 
gas could be dosed thought the needle valve at the top, which was also used for the evacuation 
of the autoclave. Pressures of 400 bar and temperatures of 120 °C could be applied with this 
equipment (Figure 3.4-1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4-1: 10 mL window autoclave 
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The 100 mL autoclave consist of two parts: 
i) a cylinder with an integrated heater at the lower part, two windows and the in- 
and out-channel regulated thought a valve 
ii) an upper part with a manometer, an electrical stirrer, a bursting disc to protect 
the vessel from overpressurization and a valve to dose the pressure.  
Both parts were connected together with six screws which were tightened with a 
torque wrench (20 Nm). Pressures of 400 bar and temperatures of 200°C could be applied 
with this equipment (Figure 3.4-2). 
 
 
 
 
 
 
 
 
 
 
 
 
The 10 mL or 20 mL finger autoclaves consist of a steel cylinder (lower vessel) and 
a tube with a manometer and a valve to dose the pressure in the reactor. Both pieces are 
connected with a ferrule that guaranties the tightness of the connection. Anti-seize lubricant 
(Chesterton 785) had to be applied to the thread of the pot to prevent cold fusion of the 
components. All the screws were manipulated with the proper adjustable spanners. Pressures 
of 250 bar and temperatures of 200 °C can be applied (Figure 3.4-3). To avoid blind activity, 
the steel autoclaves were equipped with glass inlets and magnetic stir bars. 
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Figure 3.4-2: 100 mL window autoclave 
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 Inert gas atmosphere experiments 
All manipulations involving air-sensitive compounds were carried out under inert 
atmosphere using Schlenk techniques or in a glovebox (MBraun LabMaster SP). Argon 4.8 
(Messer, Germany) was used as inert gas in all cases. Prior to use, all glassware was dried in 
high vacuum, evacuated and refilled with argon at least three times. The autoclaves were 
evacuated at high vacuum for at least one hour and then six times purged with an argon 
atmosphere. 
 
 Solvents and chemicals 
All substrates were degassed by three freeze-pump-thaw cycles and stored over 
molecular sieves (3 or 4 Å) under argon. Deionised water was taken from a reverse-osmotic 
purification system (Werner EasyPure II) and degassed by bubbling argon with a frit for at 
least 1 h. Water contents of all organic solvents were monitored by Carl-Fischer titration 
(Metrohm 756 F Coulometer). Deuterated solvents were degassed by three freeze-pump-thaw 
cycles and stored over molecular sieves 3 Å or 4 Å under argon. All reagents were 
commercially supplied and used as received unless stated otherwise.  
Dichloromethane was degassed with argon and dried passing through columns 
filled with aluminium oxide (preheated for 5 h at 375 °C) prior to usage using a solvent 
purification system from Innovative Technologies, then stored over activated molecular sieves 
4 Å. The ionic liquids [EMIM][BTA] and [OMIM][BTA] (io-li-tec) were dried under vacuum 
VSM
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Figure 3.4-3: 10 mL finger autoclave 
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(RT, 7 h, 0.06 mbar) and kept under inert atmosphere. Hydrogen (5.5) was provided by Air 
Products and carbon dioxide (4.5) and argon (4.8) by Westfalen. All gases were supplied with 
an in-house gas supply system from Dräger AG. 
 
3.4.2 Analytic 
 
 NMR-spectroscopy 
NMR spectra were recorded with commercial spectrometers BRUCKER AV-300, 
AV-400 and AV-600 at RT with the frequency noted. CDCl3-d3, DMSO-d6, (CD3)2CO-d6 and 
D2O-d2 were used as a deuterated solvents. Chemical shifts δ are given in ppm relative to 
tetramethylsilane (1H and 13C). First order spin multiplicies are abbreviated as singlet (s), 
doublet (d), triplet (t), quadruplet (q), quintet (qui). Couplings of higher order or overlapped 
signals are denoted as multiplet (m) and broadened signals (brs). First order coupling constants 
are given in Hz. Assignments are based on attached proton tests (ATP) and 2D-correlation 
spectroscopy (COSY, HSQC and HMBC). For the integration of 1H- and 13C-NMR spectra 
the software TOPSPIN 2.1 (Bruker) and SpinWorks were used. 
 
 Elemental analysis 
CHN analyses were carried out with an Elementar Vario EL analyser at the institute 
of organic chemistry (IOC) at the RWTH Aachen. 
 
 Thermal analysis 
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) 
were performed with a NETZSCH STA 40 C/CD at the ITMC. 
 
 ICP-OES analysis 
ICP-OES measurements (OES = Optical Emission Spectroscopy) were performed 
with a Thermo ICAP Duo in axial modus at Umicore AG using water as solvent. 
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 Pressure drop analysis 
The decrease in pressure over the course of the reaction was measured with an 
electronic pressure gauge and monitored with Labview 4.0. The interval between 
measurements was set to 30-60 sec. 
 
3.4.3 Synthesis and quantification of formic acid 
derivatives  
 
 Synthesis of dimethylammonium dimethylcarbamate 
Powdered dry ice (365.3 g) was placed in a three neck-flask (1 L). Dimethylamine (40 g) 
was purged into the flask through a gas inlet tube over a period of 90 min. The reaction was carried 
out at 30°C using a water bath to keep the reaction flask on temperature. The product was a viscous 
colourless liquid. A sample was analysed by NMR (1H and 13C) with CDCl3-d3 as a deuterated solvent. 
 
 
 
Formula: C5H14N2O2 
Molar mass: 134.15 g/mol 
Yield: 86 g (75 %) 
1H-NMR (300 MHz, CDCl3-d3): δ = 2.35 (brs, 12 H, CH3), 10.13 (brs, 2 H, NH2) ppm. 
13C-NMR (75 Hz, CDCl3-d3): δ = 35.00 (CH3), 162.0 (COO-) ppm. 
 
 
 General procedure for the synthesis of formic acid 
derivatives in a biphasic system of ionic liquid/scCO2 
In a typical catalytic run, a KOMET® magnetic stirring bar was placed in a stainless 
steel window autoclave (10 mL). A solution of [RuCl2(dppe)2] (0.010-0.025 mmol) in CH2Cl2 
(1.5 mL) was transferred into the reactor. The solvent was evaporated under vacuum. The 
ionic liquid [EMIM]NTf2 (1 mL) was transferred into the autoclave under argon. 
Dimethylamine was added as DIMCARB (1.0 mL, 7.9 mmol) and, diethylamine (0.82 mL, 
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7.9 mmol) and diisopropylamine (1.1 mL, 7.9 mmol), as pure amines. 
The reactor was pressurized with the desired pressure of H2 and with CO2 (p° 90-
276 bar) at room temperature (stirrer off) and then heated to the desired temperature (50-120 
°C). The stirrer was switched on and the reaction mixture was vigorously stirred for five hours. 
After reaction, the autoclave was cooled down on ice and carefully vented. The reaction 
mixture was collected from the autoclave thought the inlet with a syringe and weighed. The 
product mixture was analysed and quantified by NMR. 
Quantification: A sample of product in ionic liquid (ca. 0.2 mL) was transferred to 
the NMR tube and weighed; toluene (ca. 20 mg, weighed in every analysis) was added as an 
internal standard and (CD3)2CO-d6 was used as a deuterated solvent. The dialkylformamide 
and formate were quantified by 1H-NMR, comparing the integrals of the formamide proton at 
~8.00 ppm and the formate proton at ~8.3-8.6 ppm to the toluene signal at ~2.30 ppm (Figure 
3.4-4, Table 23) and the yield was calculated according to the following equation:   
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Figure 3.4-4: 1H-NMR (300 MHz, RT, (CD3)2CO -d6) of a mixture of dimethylformamide, dimethylammonium 
formate and [EMIM]NTf2 
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- Dimethylformamide:  
 
 
Formula: C3H7NO 
Molar mass: 73.05 g/mol 
1H-NMR (300 MHz, (CD3)2CO-d6): δ = 2.8 (d, 3 H, CH3), 3.0 (d, 3 H, CH3), 8.0 (s, 1 H, 
HCO) ppm. 
13C-NMR (75 Hz, (CD3)2CO-d6): δ = 31.22 (CH3), 36.38 (CH3), 163.65 (HCO) ppm. 
 
- Dimethylammonium formate: 
 
 
 
 
Formula: C3H9NO2 
Molar mass: 91.06 g/mol 
1H-NMR (300 MHz, (CD3)2CO-d6): δ = 2.66 (d, 6 H, CH3), 8.45 (s, 1 H, HCO2-), 10.13 (brs, 
2 H, NH2) ppm. 
13C-NMR (75 Hz, (CD3)2CO-d6): δ = 35.21 (CH3), 168.40 (HCO2-) ppm. 
TGA: decomposition temperature =150 °C (Mass change = - 89.62 %, from 200 to 300 °C = 
-6.77 %) 
 
- Diethylformamide: 
 
 
 
Formula: C5H11NO 
Molar mass: 101.06 g/mol 
1H-NMR (300 MHz, (CD3)2CO-d6): δ = 1.06 (t, 3 H, CH3), 1.15 (t, 3 H, CH3), 3.32 (m, 4 H, 
CH2), 8.05 (s, 1 H, HCO) ppm. 
13C-NMR (75 Hz, CDCl3): δ = 13.24 (CH3), 15.35 (CH3), 36.75 (CH2), 42.02 (CH2), 162.45 
(HCO) ppm. 
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- Diethylammonium formate: 
 
 
 
Formula: C5H13NO2 
Molar mass: 119.09 g/mol 
1H-NMR (300 MHz, (CD3)2CO-d6): δ = 1.30 (t, 6 H, CH3), 3.04 (q, 4 H, CH2), 8.81 (brs, 2 
H, NH2), 8.57 (s, 1 H, HCO2-) ppm. 
13C-NMR (75 Hz, (CD3)2CO-d6): δ = 11.76 (CH3), 42.30 (CH2), 168.12 (HCO2-) ppm. 
TGA: decomposition temperature = 140 °C (Mass change = - 77.08 %, 300 °C = -23.41 %) 
EA: Calculated N (13.55) C (53.99) H (12.24), found N (13.37) C (51.17) H (12.18) 
 
 
- Diisopropylammonium formate 
 
 
 
Formula: C7H17NO2 
Molar mass: 147.19 g/mol 
1H-NMR (300 MHz, (CD3)2CO-d6): δ = 1.25 (d, 12 H, CH3), 3.34 (m, 2 H, NH), 4.54 (brs, 
2 H, NH2), 8.41 (s, 1 H, HCO2-) ppm. 
13C-NMR (75 Hz, (CD3)2CO-d6): δ = 19.26 (CH3), 47.19 (CH), 167.66 (HCO2-) ppm. 
TGA: 160 °C (Mass change = - 95.84 %, 475 °C = -4.45 %) 
EA: Calculated N (9.52) C (57.14) H (11.56), found N (9.09) C (55.35) H (11.51) 
 
Table 23: Formic acid derivatives synthetized from different amines under different 
conditions 
Amine [RuCl2(dppe)2] 
[Mol.-%] 
T  
[°C] 
p°  
[bar] 
YFormamide  
[%] 
YFormate 
 
[%] 
HNME2 0.06 80 276 53 32 
0.16 50 276 9 49 
0.16 60 276 13 63 
0.16 70 276 23 65 
0.16 80 276 55 33 
0.16 100 276 80 10 
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0.16 120 276 85 6 
0.06 100 185 83 5 
0.06 100 140 85 3 
0.06 100 90 67 11 
HNEt2 0.13 80 276 11 67 
HNiPr2 0.13 80 276 0 50 
 
 
 General procedure for the synthesis of formic acid 
derivatives in a biphasic system of ionic liquid/scCO2 in 
the presence of water 
In a typical catalytic run, a KOMET® magnetic stirring bar was placed in a stainless 
steel window autoclave (10 mL). A solution of [RuCl2(dppe)2] (0.010-0.021 mmol) in CH2Cl2 
(1.5 mL) was transferred into the reactor. The solvent was evaporated under vacuum. The 
ionic liquid [EMIM]NTf2 (1 mL) was transferred into the autoclave under argon. The different 
amines were added with respect to their commercial availability: 
• Dimethylamine: commercial solution in H2O (1.0 mL, 7.9 M, 7.9 mmol) or 
DIMCARB (1.0 mL, 7.9 mmol) 
• Diethylamine (0.82 mL, 7.9 mmol) diluted in H2O (0.87 mL) 
• Diisopropylamine (1.0 mL, 7.2 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (2 mL) was 
added. 
The reactor was pressurized with the desired pressure of H2 (60-80 bar) and with 
CO2 (30-60 bar) at room temperature (stirrer off) and then heated to the desired temperature 
(70-120 °C). The stirrer was switched on and the reaction mixture was vigorously stirred for 
five hours. After reaction, the autoclave was cooled down on ice and carefully vented. Then, 
the autoclave was cooled on ice and carefully vented. The complete reaction mixture was 
collected via syringe, the autoclave was washed with water (2 x 2 mL) to remove the 
remaining solution and both phases were separated and analyzed by NMR. 
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Quantification: A sample of the water phase and the ionic liquid (ca. 0.2 mL) were 
transferred to the NMR tubes and weighed; toluene (ca. 20 mg, weighed in every analysis) 
was added as an internal standard and (CD3)2CO-d6 was used as a deuterated solvent. The 
dialkylformamide and formate were quantified by 1H-NMR, comparing the integrals of the 
formamide proton at ~8.00 ppm and the formate proton at ~8.3-8.6 ppm to the toluene signal 
at ~2.30 ppm. The yield was calculated as described above (Table 24).  
Table 24: Formic acid derivatives synthetized from different amines in the presence of 
water 
Amine 
[RuCl2(dppe)2] 
[Mol.-%] 
T  
[°C] 
p°  
[bar] 
YFormamide  
[%] 
YFormate 
 
[%] 
HNME2 0.06 120 140 15 65 
HNEt2 0.25 70 90 0 82 
HNiPr2 0.29 70 90 0 78 
 
 General procedure for the optimization of 
dimethylformamide (DMF) in a biphasic system of ionic 
liquid/scCO2 
In a typical catalytic run, a KOMET® magnetic stirring bar was placed in a stainless 
steel window autoclave (10 mL). A solution of [RuCl2(dppe)2] (10 mg, 0.01 mmol) in CH2Cl2 
(1.5 mL) was transferred into the reactor. The solvent was evaporated in vacuo. The ionic 
liquid [EMIM]NTf2 (1 mL) was transferred into the autoclave under argon and 
dimethylammonium dimethylcarbamate (1 mL, 16 mmol) was added into the autoclave under 
argon. The reactor was pressurized with H2 (90 bar) and with CO2 (50 bar) at RT (stirrer off) 
and then heated to the desired temperature (100-120°C). The stirrer was switched on and the 
reaction mixture was vigorously stirred for several (3-20) hours. After the reaction, the 
autoclave was cooled down on ice and carefully vented through a trap in acetone/dry ice (-78 
°C) in order to collect the product that could leave with the gas. The reaction mixture in the 
autoclave was collected thought the inlet with a syringe. The product mixture was analysed 
by NMR and quantified. 
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Quantification: A sample of product in ionic liquid (ca. 0.2 mL) was transferred to 
the NMR tube and weighed; toluene (ca. 20 mg, weighed in every analysis) was added as an 
internal standard and (CD3)2CO-d6 was used as a deuterated solvent. The dialkylformamide 
and formate were quantified by 1H-NMR, comparing the integrals of the formamide proton at 
~8.00 ppm and the formate at ~8.30 ppm to the toluene signal at ~2.30 ppm. 
 
 General procedure for the extraction of 
dimethylformamide (DMF) in a biphasic system of ionic 
liquid/scCO2 
In a typical extraction run, a KOMET® magnetic stirring bar was placed in a 
stainless steel window autoclave (10 mL). The ionic liquid [EMIM]NTf2 (1 mL) and DMF (1 
mL, 14.5 mmol) were transferred into the autoclave under argon and stirred. The autoclave 
was heated to the desired temperature (40-100 °C) and pressurized continuously with CO2 
(150-210 bar) for 2 h. The product was extracted from the ionic liquid and collected in a 
cooling trap in dry ice/acetone (-78 °C). The gas flow was measured with a gas meter (350 
mL/min). The solution in the trap and the ionic liquid in the autoclave were weighed and a 
sample of each was analysed by NMR.  
Quantification: A sample of product mixture in the ionic liquid and in the trap (ca. 
0.2 mL each) were transferred to an NMR tube and weighed; toluene (ca. 20 mg, weighed in 
every analysis) was added as an internal standard and (CD3)2CO-d6 was used as a deuterated 
solvent. Dimethylformamide was quantified by 1H-NMR, comparing the integrals of the 
formamide proton at ~8.00 ppm to the toluene signal at ~2.30 ppm. 
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 Recycling process for the hydrogenation of CO2 to 
dimethylformamide in a biphasic system of ionic 
liquid/scCO2 
A KOMET® magnetic stirring bar was placed in a stainless steel window autoclave 
(10 mL). A solution of [RuCl2(dppe)2] (12 mg, 0.012 mmol) in CH2Cl2 (1.5 mL) was 
transferred into the reactor. The solvent was evaporated under vacuum and the reactor was 
weighed. The ionic liquid [EMIM]NTf2 (1 mL) and the dimethylammonium 
dimethylcarbamate (15.8 mmol, 2 mL) were transferred into the autoclave under argon and 
stirred. The reactor was weighed again and pressurized with H2 (90 bar) and CO2 (50 bar) at 
RT (stirrer off) and heated to 100°C. The stirrer was switched on and the reaction mixture was 
vigorously stirred for 5 hours. Then, the autoclave was cooled down on ice and carefully 
vented, collecting the gas in a cooling trap in dry ice/acetone (-78 °C). The autoclave was 
weighed after depressurization. A sample of the reaction mixture (ca. 0.05 mg) was collected 
with a syringe under argon and analysed by 1H-NMR. 
The autoclave was heated to 80°C and pressurized continuously with CO2 (150 bar) 
for 4 h. The product was extracted from the ionic liquid and collected in a cooling trap in dry 
ice/acetone (-78 °C). The gas flow was measured with a gas meter (350 mL/min). The solution 
in the trap was weighed and analysed by NMR.  
Fresh dimethylammonium dimethylcarbamate was introduced, the autoclave was 
weighed again and the same procedure described above was repeated three times more. The 
reaction was carried out for four cycles and the extraction for three cycles. 
Quantification: A sample of the product mixture in the ionic liquid (ca. 0.05 mg) 
and a sample of the product in the trap (ca. 0.2 mL) were transferred to the NMR tubes and 
weighed; toluene (ca. 20 mg, weighed in every analysis) was added as an internal standard 
and (CD3)2CO-d6 was used as a deuterated solvent. Dimethylformamide was quantified by 
1H-NMR, comparing the integrals of the formamide proton at ~8.00 ppm to the toluene signal 
at ~2.30 ppm (Figure 3.4-5). The yield was calculated as the mmol of DMF divided into the 
mmol of dimethylamine and the TON as the mmol of DMF divided into the mmol of 
[RuCl2(dppe)2] (Table 25). 
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 Partition coefficient 
Formate salts of diethylamine, diisopropylamine and triethylamine were formed by 
the reaction of the pure amine and formic acid in a molar ratio 1:1. Dimethylammonium 
formate was formed by reaction of dimethylammonium dimethylcarbamate and formic acid 
in a molar ratio 2:1. 
Water (0.5 mL) and [OMIM]NTf2 (0.5 mL) were added into several vials. 
Diethylamine (0.142 g), diisopropylamine (0.145 g) and triethylamine (0.148 g) were 
transferred to the vials with water/ionic liquid and stirred for 10 min at RT. Dimethylamine 
from a commercial water solution (0.9 mL, 7.9 M) was transferred into a vial with 
[OMIM]NTf2 (0.5 mL) and the mixture was stirred at RT for 10 min. 15 min after stopping 
the stirring, both phases were separated, weighed and analysed by NMR. 
 
Table 25: Semi-continuous flow synthesis of DMF 
Cycle 
Yield 
reaction 
[%] 
          TON 
Yield 
extraction 
[%] 
1 88.5 2360 81.4 
2 63.3 1690 57.5 
3 49.4 1330 64.2 
4 66.4 1770 - 
Figure 3.4-5: 1H-NMR (300 MHz, RT, (CD3)2CO-d6) of the product collected in the trap after DMF extraction 
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Dimethylformamide (0.217 g), dimethylammonium formate (0.463 g), 
diethylammonium formate (0.176 g), diisopropylammonium formate (0.091 g) and 
triethylammonium formate (0.178 g) were transferred to the vials with water/ionic liquid and 
stirred for 10 min at 70 °C. 15 min after stopping the stirring, both phases were separated, 
weighed and analysed by NMR. 
Quantification: A sample of the water phase and the IL (ca. 0.2 mL each) were 
transferred to a NMR tube and weighed; 1,4-dioxane (ca. 20 mg, weighed in every analysis) 
was added as an internal standard. DMSO-d6 was used as a deuterated solvent. Pure amines 
and formate salts were quantified by 1H NMR comparing the integration of the amine protons 
(CH3), the dimethylformamide proton (HOC-) and the formate proton (HCOO-) to the 1,4-
dioxane signal at ~3.53 ppm and the partition coefficient was calculated as follows (Table 26): 
#$%&'()/	
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Table 26: Determination of the partition coefficients KH2O-[OMIM]NTf2 of the free amines 
and their formic acid derivatives 
*Dimethylformamide 
 
- Triethylammonium formate: 
 
 
 
Formula: C7H17NO2 
Molar mass: 147.19 g/mol 
1H-NMR (300 MHz, DMSO-d6): δ = 1.15 (t, 9 H, CH3), 2.84 (q, 6 H, CH2), 5.62 (br, 1 H, 
NH), 8.45 (s, 1 H, HCO2-) ppm. 
13C-NMR (75 Hz, DMSO-d6): δ = 8.16 (CH3), 45.18 (CH2), 166.46 (HCO2-) ppm. 
Amine Amine_H2O [mmol] 
Amine_I
L [mmol] 
KH2O-IL 
Free base 
Adduct_H2O 
[mmol] 
Adduct_IL 
[mmol] 
KH2O-IL 
HCO2H:Base 
HNMe2 4.57 2.54 1.80 3.33 1.66 2.00 
  
 
 1.95 1.02 
 1.92* 
HNEt2 0,86 1.07 0.80 1.10 0.38 2.85 
HNiPr2 0.33 1.1 0.30 0.46 0.15 3.00 
NEt3 0.095 1.36 0.07 0.89 0.31 2.88 
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 General procedure for the synthesis of formic acid 
derivatives in a biphasic system with an ionic liquid as 
stationary phase and water as solvent. 
a) Ru-catalysed CO2 hydrogenation in IL/H2O biphasic systems 
In a typical catalytic run, a KOMET® magnetic stirring bar was placed in a 10 mL 
stainless steel window autoclave. A solution of catalyst [RuCl2(dppe)2] or [Ru(triphos)(tmm)] 
(0.004-0.02 mmol) in CH2Cl2 (1.5 mL) was transferred into the autoclave reactor. The CH2Cl2 
was evaporated in vacuo. Then [OMIM]NTf2 (1 mL) was transferred into the autoclave under 
argon. The different amines were added with respect to their commercial availability: 
• Dimethylamine: commercial solution in H2O (1.0 mL, 7.9 M, 7.9 mmol) or 
DIMCARB (1 mL, 7.9 mmol) 
• Diethylamine (0.82 mL, 7.9 mmol) diluted in H2O (0.87 mL) 
• Diisopropylamine (1.1 mL, 7.9 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (2 mL) was 
added. 
• Triethylamine (1.0 mL, 7.9 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (1 mL) was 
added. 
The autoclave was pressurized with the desired pressure of H2 and CO2 
(H2:CO2=2:1) at room temperature without stirring and then heated to the desired temperature 
(70°C or 120 °C). Then the stirrer was switched on and the reaction mixture was vigorously 
stirred for 2-3 hours. The autoclave was cooled on ice and carefully vented. The complete 
reaction mixture was collected via syringe, the autoclave was washed with water (2 x 2 mL) 
to remove the remaining solution and both phases were separated.  
Quantification: A sample of each phase (ca. 0.2 mL) was transferred to the NMR 
tube and weighed. 1,4-dioxane (ca. 20 mg) was added as an internal standard in both NMR 
samples and the tubes were weighed again. D2O was added in the water sample and DMSO-
d6 in the ionic liquid sample. The quantification was done by 1H NMR comparing the 
integration of the formate proton at ~8.3-8.5 ppm and formamide at ~8.0 ppm to the 1,4-
dioxane signal at ~3.53 ppm (Figures  3.4-6 and 3.4-7). Different measurements applying a 
relaxation time T1 of 1 s and 10 s were carried out to exclude artefacts due to incomplete 
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relaxation. The ratio HCOOH:Base and the formation of bicarbonate were determined using 
a combination of 1H-NMR and 13C-NMR, respectively (Table 27).  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The yield of each reaction product was calculated as follow:  
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Figure 3.4-6: 1H-NMR (RT) of dimethylformamide and dimethylammonium formate in the water phase (D2O, 
above) and the ionic liquid phase (DMSO-d6, below) after phases separation 
Figure 3.4-7: 1H-NMR (RT) of the water phase (D2O, above) and the ionic liquid phase (DMSO-d6, below) 
with diethylamine as base 
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The turnover number was calculated as follow: 
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After these measurements, some of the products were isolated. For these purpose, 
the water was evaporated from the aqueous phase in a rotary evaporator firstly at 45 
mbar/40°C for 30 min and then at 6 mbar/40°C for 15 min more to obtain pure formate adduct. 
The isolated product was analyzed again by 1H-NMR with DMSO-d6 as solvent in order to 
determine the ratio HCOOH:Amine. 
 
 
Table 27: Formic acid derivatives synthetized from different amines under different 
conditions in presence of water 
Subtrate Catalyst Cat. 
[Mol.-
%] 
T 
[°C] 
p° 
[bar] 
YFormamide 
[%] 
YHCOOH 
[%] 
TON 
HNME2 [RuCl2(dppe)2] 0.075 120 140 15 50 865 
[RuCl2(dppe)2] 0.093 120 60 9 49 650 
[Ru(tmm)(triphos)] 0.093 120 60 16 53 740 
DIMCARB [RuCl2(dppe)2] 0.062 120 140 80 2 1260 
 [RuCl2(dppe)2] 0.075 120 60 66 9 960 
HNEt2 [RuCl2(dppe)2] 0.13 70 90 - 82 650 
[RuCl2(dppe)2] 0.13 70 60 - 69 550 
[RuCl2(dppe)2] 0.13 70 80[a] - 53 420 
HNiPr2 [RuCl2(dppe)2] 0.13 70 90 - 78 610 
[RuCl2(dppe)2] 0.13 70 60 - 73 575 
[RuCl2(dppe)2] 0.05 70 90 - 38 790 
[Ru(tmm)(triphos)] 0.16 70 90 - 91 550 
[Ru(tmm)(triphos)] 0.16 70 90 - 85 500 
 [Ru(tmm)(triphos)] 0.05 70 90 - 84 1750 
NEt3 [RuCl2(dppe)2] 0.13 70 90 - 72 540 
[RuCl2(dppe)2] 0.13 70 60 - 60 470 
[Ru(tmm)(triphos)] 0.16 70 90 - 70 420 
[Ru(acac)3] 0.16 70 90 - 50 314 
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b) Catalyst recycling with DIMCARB as substrate 
The catalyst, [RuCl2(dppe)2] (12 mg, 0.012 mmol) or [Ru(tmm)(triphos)] (10 mg, 
0.013 mmol), was dissolved in [OMIM]NTf2 (1 mL) and the solution was transferred to a 10 
mL autoclave under argon. DIMCARB (1 mL, 7.9 mmol) was added into the autoclave. The 
reactor was pressurized with H2 (40 bar) and with CO2 (20 bar) at RT (stirrer off) and then 
heated to 140 °C. The stirrer was switched on and the reaction mixture was vigorously stirred 
for three hours. After reaction, the autoclave was cooled on ice and carefully vented. Water 
(2 mL) was added into the autoclave and stirred for 5 min in order to extract the product. The 
water phase (upper phase) was collected under argon with a syringe leaving behind in the 
reactor the IL phase containing the catalyst. Fresh DIMCARB was added into the reactor and 
a new cycle was carried out as described above.  
Quantification: A sample of each water phase (ca. 0.2 mL) was transferred to a 
NMR tube and weighed; toluene (ca. 20 mg) was added as an internal standard and the tubes 
weighed again. (CD3)2CO-d6 was added to the water phase sample. The formamide and 
formate yield were determined by comparing the integrals of the formamide and the formate 
protons at ~8.00 ppm and at ~8.40 ppm, respectively and the toluene signal at ~2.30 ppm. 
Finally, the ionic liquid was also analysed by 1H-NMR with DMSO-d6 as a deuterated solvent 
and toluene (ca. 20 mg) as an internal standard. The yields were calculated as total amount of 
formamide or formate (mmol) as determined from 1H-NMR per mmol of base added (Table 
28). 
 
 
 
 
Table 28: Recycling experiments with DIMCARB as base 
[RuCl2(dppe)2] [Ru(triphos)(tmm)] 
Cycle YFormamide [%] 
YFormate 
[%] TON Cycle 
YFormamide 
[%] 
YFormate 
[%] TON 
1° 32 2 450 1° 43 2 550 
2° 22 2 320 2° 37 2 480 
3° 9 2 145 3° 12 2 170 
4° 3 1 50 4° 10 1 135 
163 
 
 
c) Effect of the diethylamine concentration in water: 
Five reactions varying the water content were carried out as followed: 
A solution of [RuCl2(dppe)2] (10 mg, 0.010 mmol) in [OMIM]NTf2 (1 mL) was 
transferred to the autoclave under argon. Diethylamine (1 mL, 9.5 mmol) and water (0.5 mL, 
1.0 mL, 1.2 mL, 2.0 mL or 4.0 mL) were added into the autoclave. 
The reactor was pressurized with H2 (60 bar) and with CO2 (30 bar) at RT (stirrer 
off) and then heated to 70 °C. The stirrer was switched on and the reaction mixture was 
vigorously stirred for three hours. The autoclave was cooled on ice and carefully vented. The 
product was collected with a syringe and both phases (water at the top and IL at the bottom) 
were separated and weighed.  
Quantification: A sample of the water phase and the ionic liquid phase (ca. 0.2 mL) 
were transferred to the NMR tube and weighed; 1,4-dioxane (ca. 20 mg) was added as an 
internal standard in both samples and the tubes weighed again. D2O was added in the water 
sample and DMSO-d6 in the ionic liquid sample. The quantification was done by 1H NMR 
comparing the integration of the formate proton at ~8.30 ppm and the 1,4-dioxane signal at 
~3.53 ppm.  The yields were calculated as total amount of formate (mmol) as determined from 
1H-NMR per mmol of base added (Table 29). 
 
 
 
 
 
 
d) Catalyst recycling with diethyl-, diisopropyl- and triethylamine as substract 
In a typical catalytic run, a KOMET® magnetic stirring bar was placed in a 10 mL 
stainless steel window autoclave. A solution of catalyst [RuCl2(dppe)2], [Ru(acac)3] or 
[Ru(triphos)(tmm)] (0.010-0.015 mmol) in CH2Cl2 (1.5 mL) was transferred into the 
autoclave reactor. The CH2Cl2 was evaporated in vacuo. Then [OMIM]NTf2 (1 mL) was 
transferred into the autoclave under argon. The different amines were added with respect to 
their commercial availability: 
Table 29: Effect of diethylamine concentration in water 
Entry [HNEt2]/[H2O] [Vol.-%] Yield [%] 
1 0.25 31 
2 0.50 54 
3 0.70 82 
4 1.00 82 
5 2.00 57 
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• Diethylamine (0.82 mL, 7.9 mmol) diluted in H2O (0.87 mL) 
• Diisopropylamine (1.1 mL, 7.9 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (2 mL) was 
added. 
• Triethylamine (1.0 mL, 7.9 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (1 mL) was 
added. 
The autoclave was pressurized with the desired pressure of H2 (40-60 bar) and CO2 
(20-30 bar) at ambient temperature without stirring and then heated to 70°C. The stirrer was 
switched on after the desired reaction temperature was reached and the reaction mixture was 
vigorously stirred for two hours. The pressure drop over time was measured using Labview. 
After reaction, the autoclave was cooled in ice and vented. The water phase (upper phase) was 
collected under argon using a syringe, while the IL phase containing the catalyst was left in 
the reactor. Fresh base and water were introduced and the next reaction cycle was carried out 
under the same conditions.  
Quantification: A sample of the water phase (ca. 0.2 mL) was analysed by NMR 
using 1,4-dioxane (ca. 20 mg) as an internal standard and D2O as a deuterated solvent. The 
quantification was done by 1H-NMR comparing the integration of the formate proton at ~8.30-
8.50 ppm and the 1,4-dioxane signal at ~3.53 ppm. The yields were calculated as total amount 
of formate (mmol) determined from 1H-NMR per mmol of base added. The TON were 
calculated as total amount of formate (mmol) determined from 1H-NMR per mmol of R-
complex added. The ratio HCOOH:Base and the formation of bicarbonate were determined 
using a combination of 1H-NMR and 13C-NMR, respectively (Table 30). 
Table 30: Recycling experiments with different amines under different conditions 
Entry Pre-Catalyst Amine No of 
Cycles 
Ratio 
HCO2H:Base 
 
TON 
per 
cycle 
TTON 
1 [RuCl2(dppe)2] NHEt2 1 1:1 600  
   2 0.78:1 480  
   3 0.26:1 170 1250 
2   [RuCl2(dppe)2][a] NHEt2 1 1:1 490  
   2 0.74:1 330  
   3 0.21:1 150 970 
3 [RuCl2(dppe)2] HNiPr2 1 1:1 305  
   2 0.89:1 465  
 
  
3 0.91:1 520  
   4 0.70:1 710  
   5 0.66:1 610 2610 
4 [Ru(tmm)(triphos)] HNiPr2 1 1:1 325  
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   2 0.92:1 435  
   3 0.90:1 350  
 
  
4 0.87:1 510  
 
  
5 0.90:1 610 2230 
5 [RuCl2(dppe)2] NEt3 1 1:1 480  
   2 0.91:1 500  
   3 0.85:1 610  
 
 
 4 0.70:1 380  
   5 0.30:1 240 2210 
6 [Ru(tmm)(triphos)] NEt3 1 1:1 430  
   2 0.82:1 300  
 
  
3 0.80:1 360  
 
 
 4 0.85:1 680  
   5 0.90:1 620 2390 
7 [Ru(acac)3] NEt3 1 0.54:1 210  
   3 0.82:1 310  
 
 
 4 0.83:1 320  
   5 0.90:1 350  
    0.82:1 320 1515 
[a]
 H2:CO2 =1:1 
 
e) Alternative bases 
A solution of [RuCl2(dppe)2] in [OMIM]NTf2 (1 mL) was transferred into the 
autoclave under argon and the base was subsequently added. 
a) Tributylamine: [RuCl2(dppe)2] (18.6 mg, 0.019 mmol). The base (0.9 mL, 3.8 
mmol) was inserted and stirred together with the previously added ionic liquid. Afterwards 
H2O (1.2 mL) was added. 
b) Monoethanolamine: [RuCl2(dppe)2] (14.1 mg, 0.015 mmol). The base (0.5 mL, 
7.9 mmol) was diluted in water (0.7 mL) and transferred into the autoclave. 
c) NaOH: [RuCl2(dppe)2] (21.2 mg, 0.022 mmol). The base (316.0 mg, 7.9 mmol) 
was weighed and diluted in water (4 mL). The solution was transferred into the autoclave 
under argon.  
d) KOH: [RuCl2(dppe)2] (23.0 mg, 0.024 mmol). The base (896.0 mg, 16.0 mmol) 
was weighed and diluted in water (4 mL). The solution was transferred into the autoclave 
under argon. 
The reactor was pressurized with H2 (60 bar) and with CO2 (30 bar) at RT (stirrer 
off) and then heated to 70 °C. The stirrer was switched on and the reaction mixture was 
vigorously stirred for five hours for NaOH, KOH and tributylamine and two hours for 
monoethanolamine. The autoclave was cooled on ice and carefully vented. The product 
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mixture was collected with a syringe and both phases (water at the top and IL at the bottom) 
were separated and weighed.  
Quantification: A sample of each phase (ca. 0.2 mL) was transferred to the NMR 
tube and weighed. 1,4-dioxane (ca. 20 mg) was used as an internal standard and D2O as a 
deuterated solvent for the analysis of the products with tributylamine, NaOH and KOH. For 
the analysis with monoethanolamine, toluene (ca. 20 mg) was used as an internal standard and 
DMSO-d6 as a deuterated solvent.  
The samples were measured by 1H and 13C-NMR. The amount of formate was 
determined by comparing the integrals of the formate protons at ~8.40 ppm and the 1,4-
dioxane or toluene signals at ~3.53 ppm and ~2.30 ppm, respectively. Yields were calculated 
as total amount of formate (mol) determined from 1H-NMR spectra per mol of base added. 
The presence of bicarbonate was determined by 13C-NMR. 
 
- Tributylammonium formate: 
 
 
 
 
 
 
Formula: C13H29NO2 
Molar mass: 231.33 g/mol 
1H-NMR (300 MHz, DMSO-d6): δ = 0.85 (t, 9 H, CH3), 1.25 (m, 6 H, CH2), 1.54 (m, 6 H, 
CH2), 2.96 (tr, 6 H, CH2), 8.29 (s, 1 H, HCO2-) ppm. (1 H, NH+) n.d. 
13C-NMR (75 Hz, DMSO-d6): δ = 12.93 (CH3), 19.27 (CH2), 25.13 (CH2), 51.62 (CH2), 
166.48 (HCO2-) ppm 
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- Monoethanolammonium formate: 
 
 
Formula: C3H9NO3 
Molar mass: 107.06 g/mol 
1H-NMR (300 MHz, DMSO-d6): δ = 2.91 (t, 2 H, CH2), 3.61 (t, 2 H, CH2), 8.30 (s, 1 H, 
HCO2-) ppm. (3 H, NH3+) n.d. 
13C-NMR (75 Hz, DMSO-d6): δ = 42.09 (CH2), 58.74 (CH2), 170.79 (HCO2-) ppm. 
 
 
-  Sodium/Potasium formate: 
 
 
 
Formula: NaHCO2/KHCO2 
Molar mass: 45 g/mol 
1H-NMR (300 MHz, DMSO-d6): δ = 8.38 (s, 1 H, HCO2-) ppm. 
13C-NMR (75 Hz, DMSO-d6): δ = 170.33 (HCO2-) ppm. 
 
- Sodium/Potasium bicarbonate: 
 
 
 
Formula: HCO3 
Molar mass: 60.99 g/mol 
1H-NMR (300 MHz, DMSO-d6): n.d. 
13C-NMR (75 Hz, DMSO-d6): δ = 162.58 (HCO2-) ppm. 
 
f) Bicarbonate as reactant 
A solution of [RuCl2(dppe)2] (10 mg, 0.010 mmol) in [OMIM]NTf2 (1 mL) was 
transferred to the autoclave under argon. Diisopropylamine (1 mL, 7.2 mmol) and water (2.0 
mL) were added into the autoclave. CO2 (30 bar) was pressurized and the reaction was stirred 
at room temperature until constant pressure (17 bar). The reactor was pressurized with H2 (60 
bar) and stirred for two hours at room temperature. Afterwards it was depressurized and a 
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sample of the water phase (ca. 0.2 mL) was taken under argon. The pH of the solution was 
measured with a pH-indicator. The autoclave with the product mixture was heated 
progressively (ramp of 25 °C) to 100°C (no stirring). The pressure was measured via Labview. 
The autoclave was pressurized with H2 (60 bar) at 100 °C and stirred for two hours. Then it 
was cooled on ice and carefully vented. The product mixture was collected with a syringe and 
both phases (water at the top and IL at the bottom) were separated and weighed.  
Quantification: The different samples of the water phase collected during the analysis 
were analysed by NMR with 1,4-dioxane (ca. 20 mg) as an internal standard and D2O as a 
deuterated solvent. The quantification was determined by comparing the integrals of the 
formate protons at ~8.40 ppm and the 1,4-dioxane signal at ~3.58 ppm. Yields were calculated 
as total amount of formate (mmol) determined from 1H-NMR spectra per mmol of base added. 
The presence of bicarbonate was determined by 13C-NMR. 
 
g) Direct reaction vs. bicarbonate preformation: Temperature effect 
Six reactions were carried out at different temperatures following two different routes: 
 A solution of [RuCl2(dppe)2] (10 mg, 0.010 mmol) in [OMIM]NTf2 (1 mL) was 
transferred to a 10 mL window autoclave under argon. Diisopropylamine (1 mL, 7.2 mmol) 
and water (2.0 mL) were added into the autoclave. 
Direct reaction: Three reactors were pressurized with H2 (60 bar) and with CO2 (30 
bar) at RT (stirrer off) and then heated to the desired temperature (50, 70 or 100 °C, 
respectively). The stirrer was switched on and the reaction mixture was vigorously stirred for 
two hours. 
Preformation of bicarbonate: Three reactors were pressurized with CO2 (30 bar) at 
RT and stirred until constant pressure. Then they were pressurized with H2 (60 bar) and heated 
to the desired temperature (50, 70 or 100 °C, respectively). The stirrer was switched on and 
the reaction mixture was vigorously stirred for two hours. 
The autoclaves were cooled on ice and carefully vented. The reaction mixture was 
collected via a syringe, the autoclave was washed with water (2 mL x 2) to remove the 
complete reaction mixture, and both phases were separated.  
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Quantification: A sample of the water phase and the ionic liquid were analysed by 
NMR with 1,4-dioxane (ca. 20 mg) as an internal standard. D2O was used as a deuterated 
solvent in the water solution and DMSO-d6 in the ionic liquic sample. The quantification was 
determined by comparing the integrals of the formate protons at ~8.45 ppm and the 1,4-
dioxane signal at ~3.58 ppm. Yields were calculated as total amount of formate (mmol) 
determined from 1H-NMR spectra per mmol of base added. The presence of bicarbonate was 
determined by 13C-NMR (Table 31). 
h)  Labeled H13CO3- NMR spectroscopy 
Labeled NaH13CO3 (16.5 mg, 0.194 mmol) was dissolved in H2O (3 mL) into a vial 
and the vial placed in a finger autoclave (10 mL). Diisopropylamine (0.15 mL, 116. mg, 1.15 
mmol) was added to the aqueous solution and the autoclave pressurized with CO2 (40 bar) for 
15 min at room temperature. The autoclave was depressurized to collect a sample of the water 
phase (0.2 mL) and pressurized again with CO2 (40 bar). The mixture was heated to 50 °C 
and stirred for 2 h. The autoclave was depressurized and a new sample (0.2 mL) was collected. 
Each sample was transferred to a screw-cap NMR tube and weighed. D2O was added as a 
deuterated solvent. They were analyzed by 1H and 13C-NMR in a Bruker 600 MHz, the first 
one at 25 °C and the second one at 50 °C. 
A solution of [RuCl2(dppe)2] (7.7 mg, 0.008 mmol)  in [OMIM]NTf2 (0.7 mL) was 
added under argon to the autoclave. The autoclave was pressurized with H2 (60 bar) and stirred 
for 3 h at 50 °C. A sample of the water phase was collected after depressurization. 
The autoclave was pressurized again with H2 (60 bar) and heated to 100 °C, once 
the temperature was reached, the stirrer was switched on and the mixture was stirred for 3 h. 
Afterwards the autoclave was depressurized and a sample of the water phase was collected 
for analysis. 
Table 31: Yield and ratio HNiPr2:HCOOH after product isolation as a function of the 
temperature and the pressurization procedure 
 Direct reaction Preformation of bicarbonate 
T  
[°C] 
Yield  
[%] 
Ratio 
HNiPr2:HCOOH  
Yield  
[%] 
Ratio 
HNiPr2:HCOOH  
50 39 1:0.40 40 1:0.40 
70 78 1:0.93 76 1:0.87 
100 77 1:0.87 78 1:0.91 
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Figure 3.4-8: 13C NMR (600 MHz, D2O, RT & 50 °C) of the water phase with NaH13CO3 under different 
conditions: 40 bar CO2, RT (red), 40 bar CO2, 50 °C (green), 60 bar H2, 50 °C, Ru-complex (turquoise), 60 bar 
H2, 100°C, Ru-complex (purple) 
[HCOO]- 
 
 [HCO3]- 
 
Each sample (ca. 0.2 mL) was analyzed by 1H and 13C-NMR in a Bruker 600 MHz 
at RT. D2O was added as a deuterated solvent. The ratios HCO3:Base and HCOOH:Base were 
determined by quantitative 13C NMR (Figure 3.4-8). 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 Synthesis of formic acid derivatives in a biphasic system 
with 4-methyl-2-pentanol as stationary phase and water 
as solvent 
a) Partition coefficient 
Formate salts of diethylamine and diisopropylamine were formed by reaction of the 
pure amine and formic acid in a molar ratio 1:1.  
Water (1.0 mL) and 4-methy-2-pentanol (1.0 mL) were added into several vials. 
Diethylamine (0.190 g) and diisopropylamine (0.213 g), were transferred to the vials with 
water/ionic liquid and stirred for 10 min at RT . Diethylammonium formate (0.178 g) and 
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diisopropylammonium formate (0.117 g) were transferred to the vials with water/ionic liquid 
and stirred for 10 min at 70 °C. 15 min after stopping the stirring, both phases were separated, 
weighed and analysed by NMR (Table (Table 32).  
Quantification: A sample of the water phase and the IL (ca. 0.2 mL each) were 
transferred to a NMR tube and weighed; 1,4-dioxane (ca. 20 mg) was added as an internal 
standard. DMSO-d6 was used as a deuterated solvent. Pure amines and formate salts were 
quantified by 1H-NMR comparing the integration of the amine protons (CH3) and the formate 
protons (HCOO-) to the 1,4-dioxane signal at ~3.53 ppm. The partition coefficient was 
calculated as follows: 
#$%&'()/	
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Table 32: Determination of the partition coefficients KH2O/MIBC of the free amines and their 
formic acid derivatives 
 
b) Batch experiments with DIMCARB as base in absence of water 
In a typical catalytic run a KOMET® magnetic stirring bar was placed in a 10 mL 
stainless steel window autoclave. The autoclave was then evacuated and purged with argon 
several times. The catalyst [RuCl2(dppe)2] (14.8 mg, 0.015 mmol) was dissolved in 4-methyl-
2-pentanol (1 mL). The catalyst solution was transferred into the autoclave under argon. 
DIMCARB was added into the autoclave under argon (1.0 mL, 7.9 mmol). The reactor was 
pressurized with H2 (40 bar) and with CO2 (20 bar) at RT (stirrer off) and then heated to 
120°C. The stirrer was switched on and the reaction mixture was vigorously stirred for two 
hours. The autoclave was cooled on ice and carefully vented. Water (2 x 2 mL) was added 
into the autoclave, the mixture was stirred for five minutes, decanted, and the water phase 
collected with a syringe. The mixture remaining in the autoclave (rest of water and stationary 
phase) was collected with a syringe and the phases were separated and weighed. The rest of 
water was added to the water phase collected firstly. The water and stationary phases were 
weighed.  
Amine Amine_H2O [mmol] 
Amine_MIBC 
[mmol] 
KH2O-MIBC 
Free base 
Adduct_H2O 
[mmol] 
Adduct_MIBC 
[mmol] 
KH2O-MIBC 
HCO2H·Base 
HNEt2 1,08 1.51 0.72 1.25 0.25 5.00 
HNiPr2 0.61 1.49 0.41 0.63 0.17 3.67 
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Quantification: A sample of each phase (ca. 0.2 mL) was transferred to a NMR 
tube and weighed. Toluene (ca. 20 mg) was added as an internal standard in both samples and 
the tubes weighed again. (CD3)2CO-d6 and DMSO-d6 were added for the water and stationary 
phase sample, respectively. The amount of product was determined by integration of the 
formamide signal at ~8.00 ppm, formate signal at ~8.30 ppm, and the toluene signal at ~2.30 
ppm. The yield was calculated as mmol of product formed (formamide and formate) per mmol 
of dimethylamine. 
 
c) Batch experiments with dimethyl-, diethyl- and diisopropylamine as base in presence 
of water 
In a typical catalytic run, a KOMET® magnetic stirring bar was placed in a 10 mL 
stainless steel window autoclave. The catalyst [RuCl2(dppe)2] (ca. 0.010 mmol) was dissolved 
in 4-methyl-2-pentanol (1 mL) and transferred into the autoclave under argon. The different 
amines were added with respect to their commercial availability: 
• Dimethylamine: commercial solution in H2O (2.0 mL, 7.9 M, 15.8 mmol)  
• Diethylamine (0.82 mL, 7.9 mmol) diluted in H2O (0.87 mL) 
• Diisopropylamine (1.0 mL, 7.2 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (2 mL) was 
added. 
• Triethylamine (1.0 mL, 7.9 mmol) was injected separately and stirred together 
with the previously added ionic liquid. Afterwards H2O (1.2 mL) was added. 
The autoclave was pressurized with H2 (40-60 bar) and with CO2 (20-30 bar) at 
room temperature without stirring and then heated to the desired temperature (120 °C for 
dimethylamine and 70°C for the rest). The stirrer was switched on and the reaction mixture 
was vigorously stirred for two hours. Then, the autoclave was cooled on ice and carefully 
vented. The complete reaction mixture was collected via syringe, the autoclave was washed 
with water (2 x 2 mL) to remove the complete reaction mixture and both phases were 
separated.  
Quantification: A sample of each phase (ca. 0.2 mL) was transferred to the NMR 
tube and weighed. Depending on the used amine, following quantification procedures were 
applied: 
Dimethylamine products: Toluene (ca. 20 mg) was added as an internal standard 
in both samples and the tubes weighed again. (CD3)2CO-d6 was added in the water sample 
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and DMSO-d6 in the organic sample. The formamide and formate yield were determined by 
comparing the integrals of the formamide and the formate protons at ~8.00 ppm and at ~8.38 
ppm, respectively and the toluene signal at ~2.30 ppm. 
Diethyl-, diisopropylformate: 1,4-dioxane (ca. 20 mg) was added as an internal 
standard in both samples and the tubes weighed again. D2O was added in the water sample 
and DMSO-d6 in the organic sample. The quantification was determined by comparing the 
integrals of the formate protons at 8.30-8.50 ppm and the 1,4-dioxane signal at 3.58 ppm.  
Yields were calculated as total amount of dimethylformamide or formate (mmol) 
determined from 1H-NMR spectra per mmol of base added.  
 
d) Recycling experiments 
The reactions were carried out as described above using a solution of catalyst 
[RuCl2(dppe)2] (0.010 mmol) or [Ru(triphos)(tmm)] (0.014 mmol) in 4-methyl-2-pentanol (1 
mL). The recycling experiments were carried out with diethylamine and diisopropylamine as 
bases: 
a) Diethylamine (0,5 mL, 4.8 mmol) diluted in H2O (1.0 mL) 
b) Diisopropylamine (1.0 mL, 7.2 mmol) was injected separately and stirred 
together with the previously added ionic liquid. Afterwards H2O (2 mL) was 
added. 
The autoclave was pressurized with H2 (40 bar) and CO2 (20 bar) at room 
temperature without stirring and then heated to 70°C. The stirrer was switched on and the 
reaction mixture was vigorously stirred for two hours. Then, the autoclave was cooled on ice 
and carefully vented. The water phase (bottom phase) was collected under argon with a 
syringe leaving behind in the reactor the 4-methyl-2-pentanol phase containing the catalyst. 
Fresh base and water were introduced and the next reaction cycle was carried out as described 
above. 
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Quantification: A sample of the water phase (ca. 0.2 mL) was analysed by NMR 
using 1,4-dioxane (ca. 20 mg) as an internal standard and D2O as a deuterated solvent. The 
quantification was determined by comparing the integrals of the formate protons at 8.30-8.50 
ppm and the 1,4-dioxane signal at 3.58 ppm. TONs were calculated as total amount of formate 
(mmol) determined from 1H-NMR spectra per mmol of Ru-complex added (Table 33). 
 Semi continuous-flow synthesis of formic acid 
derivatives in biphasic system with 4-methyl-2-pentanol 
as stationary phase and water as solvent 
A 100 mL stainless steel window autoclave equipped with a mechanical stirrer (for 
the agitation of the top phase) and a magnetic bar (for the agitation of the bottom phase) was 
used for these experiments. The autoclave was evacuated and purged with argon five times. 
The complex [RuCl2(dppe)2] (24 mg, 0.025 mmol) was dissolved in 4-methyl-2-pentanol (10 
mL) and the solution transferred into the autoclave under argon. A weighed amount of a 
solution of diethylamine and water (14 mL, 1:1.5 Vol.-%) was introduced into the autoclave 
via a HPLC-Pump (KNAUER, Smart Pump 100). The autoclave was heated to 70°C and 
pressurized with H2 (40 bar) and CO2 (20 bar). Both stirrers (top and bottom) were switched 
on (750 rpm) and the reaction mixture was vigorously stirred for two hours. The stirrers were 
switched off and, without depressurising and still at reaction temperature, the water phase 
(~12 mL) was slowly withdrawn through a needle valve placed at the bottom of the autoclave. 
Table 33: Catalyst recyclability with diisopropylamine and MIBC as stationary phase 
Entry Catalyst (mmol) Amine 
(mmol) 
No of 
Cycles 
Ratio 
HCO2H:Base 
TON per 
cycle 
TTON 
1 [RuCl2(dppe)2] NHiPr2 1 1:1 415  
 
  
2 0.82:1 415  
   3 0.65:1 400  
   4 0.25:1 170 1400 
2 [Ru(tmm)(triphos)] NHiPr2 1 1:1 365  
 
  
2 0.87:1 265  
   3 0.89:1 250  
   4 0.65:1 290 1170 
3 [RuCl2(dppe)2] NHEt2 1 0.85:1 325  
 
  
2 0.92:1 425  
   3 0.88:1 410  
   4 0.90:1 490  
   5 0.93:1 450 2100 
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Then, the autoclave was charged with new substrate solution through the HPLC-pump, the 
pressure readjusted to the initial value and the reaction started by switching on the stirrers. 
This sequence was repeated five times. 
The same experiments were carried out using [Ru(tmm)(triphos)] (15 mg, 0.022 
mmol) and a solution of diethylamine and water (10 mL, 1:1.2 Vol.-%). The sequence was 
repeated seven times collecting ~8 mL of water phase after every cycle. 
Quantification: A sample of the water phase (ca. 0.2 mL) was analysed by NMR 
using 1,4-dioxane (ca. 20 mg) as an internal standard and D2O as a deuterated solvent. The 
quantification was determined by comparing the integrals of the formate protons at ~8.30-
8.50 ppm and the 1,4-dioxane signal at ~3.58 ppm. TON were calculated as total amount of 
formate (mmol) determined from 1H-NMR spectra per mmol of Ru-complex added (Table 
34).  
 Table 34: Catalyst recyclability with diisopropylamine and MIBC as stationary phase in 
a semi-continuous system 
Entry Catalyst (mmol) No of Cycles 
 
        HCO2H:Base 
 
 
TON per 
cycle TTON 
1 [RuCl2(dppe2] 1 1:1 1900  
 
 
2 0.87:1 1550  
 
 
3 0.94:1 1770  
 
 
4 0.65:1 740 5960 
2 [Ru(tmm)(triphos)] 1 1:1 1728  
 
 
2 0.95:1 2065  
 
 
3 0.94:1 2250  
 
 
4 0.87:1 1270  
 
 
5 0.85:1 1450  
 
 
6 0.66:1 740  
 
 
7 0.60:1 700 10200 
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 Continuous-flow synthesis of formic acid derivatives in 
biphasic system with 4-methyl-2-pentanol as stationary 
phase and water as solvent 
A solution of [RuCl2(dppe)2] (3.35 g, 0.35 mmol) in 4-methyl 2-pentanol (115 mL) 
was transferred into a 2 L reactor under nitrogen. Subsequently, diethylamine (101.8 mL, 1 
mol) and water (115 mL) were injected thought a syringe under nitrogen. The reactor was 
pressurized with H2 (30 bar) and CO2 (15 bar) and heated to 70°C. The reaction was started 
as a batch experiment and after 2 hours, diethylamine in water (1.81 mL/min; 1:1.2 Vol.-%) 
and 4-methyl 2-pentanol (0.96 mL/min) were continuously pumped. CO2 and H2 were also 
continuously injected in order to keep a constant pressure (p° = 45 bar). The course of the 
reaction was followed via Labview, all the reaction parameters (temperature = 70°C, pressure 
= 45 bar, flows: 1.81 mL/min water; 0.96 mL/min 4-methyl 2-pentanol) were adjust to stay 
constant. The reaction was carried out for 8 h. During this time, both phases (aqueous and 
organic) were withdrawn through a needle valve placed at the bottom of the autoclave and 
conducted to a liquid/liquid separator. From the separator, the water phase was transferred 
into a vessel and the organic phase was pumped back into the reactor. The product collected 
in the water phase was isolated via water evaporation and the yield was calculated as mmol 
of isolated product/mmol of catalyst. 
Quantification: A sample of the water phase (ca. 0.2 mL) was analysed by NMR 
using D2O as a deuterated solvent. The ratio HCOOH:Amine and the formation of bicarbonate 
were determined via 1H-NMR and 13C-NMR, respectively. The water was evaporated from 
the aqueous phase in a rotary evaporator firstly at 45 mbar/40°C for 60 min and then at 6 
mbar/40°C for 60 min more to obtain the pure formate adduct as a viscous yellowish liquid. 
The isolated product was weighted and analysed again by 1H-NMR with DMSO-d6 as solvent 
in order to determine the ratio HCOOH:Amine and subsequently the formate amount. TON = 
2400, HCOOH:HNEt2= 1.71:1. 
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 Summary and conclusion 
The hydrogenation of CO2 to formic acid and its derivatives require a base and a 
metal complex to take place. Consequently, the main challenge of the catalytic CO2 
hydrogenation reactions is the product isolation and the catalyst separation and recycling. For 
this reason, the design of a productive and selective catalytic process, where the product could 
be separated and the catalyst recycled, became one of the main goals in this field.  
The promising results obtained by Baker and Tumas for the homogeneous 
hydrogenation of CO2 to N,N´-dialkylformamides with [RuCl2(dppe]2] as a catalyst in a 
scCO2/IL biphasic system, led to the start of the investigation, considering this system as a 
benchmark. Following this method and using [EMIM]NTf2 as an ionic liquid, the effect of 
different parameters, such as the alkyl chain of the secondary amine, the temperature, the 
pressure and the presence of water, were tested in a biphasic system scCO2/IL. Yields higher 
than 80 % to dimethylformamide were achieved at 100 °C, being formate the major product 
at temperatures of 70 °C, which indicates that the dehydration step only takes place at high 
temperatures. Furthermore, whereas around 55 % of dimethylamine was converted into 
formamide, the formation of this product decreased to 11 % in the presence of diethylamine 
and it was completely hindered with diisopropylamine. As opposed to this, the last two amines 
promoted the generation of formates, which were formed in a yield of 67 % and 50 % with 
diethylamine and diisopropylamine, respectively. The presence of water was also a 
determining factor in the hydrogenation of CO2. It favors the synthesis of formates at low 
temperatures and helps to stabilize these products, hindering completely the dehydration step 
when diethylamine and diisopropylamine were used as a base, e.g. the yield to 
diethylammonium formate increased from 71 % in the absence of water, to 82 % in the 
presence of it. The pressure showed a minor impact in the reaction: a decrease in the overall 
pressure from 276 bar to 140 bar led to a moderate increase in the yield to dimethylformamide, 
while descending from 140 to 90 bar causes a drop of formamide and an increment of formate. 
The influence of these parameters in the hydrogenation of CO2 helps to guide the selectivity 
of the reaction. 
In order to optimize the production of formamide, several experiments were carried 
out with dimethylamine in the form of DIMCARB at different temperatures and reaction 
times. After several experiments at different conditions, it was concluded that the reaction was 
completed in 5 h, reaching yields of DMF higher than 80 % at 100 °C and 140 bar (H2:CO2 = 
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1.8:1). Subsequently, various experiments were carried out to test the effectiveness of the 
DMF extraction with scCO2. From this study, it could be verified that the most optimal 
conditions for the extraction of DMF were 150 bar and 80 °C, which led to the separation of 
around 70 % of DMF. These optimized reaction and extraction parameters were used for the 
semi-continuous production of DMF. Three reactions were consecutively carried out reusing 
the same catalyst [RuCl2(dppe)2]. The product was separate from the catalytic phase via 
extraction with scCO2 after every reaction, and a new cycle was performed. The yield of DMF 
formed decreased from 90 % to 45 % from 1st to the 3rd cycle, achieving a total TON of 5400. 
However, the amount of DMF extracted was around 60-80 % in the three cycles. 
N,N´-dialkylammonium formates are not soluble in scCO2 and, consequently, they 
cannot be produced in a biphasic system scCO2/IL. For this reason, an alternative solvent 
should be used as a mobile phase to separate the product from the catalytic phase. The positive 
influence of water in the synthesis of these species led us to design an innovative system 
consisting of an ionic liquid as the catalytic phase and water as a mobile phase. This system 
has the advantage that amines with longer alkyl residues (e.g. NEt3 and HNiPr2) have a 
partition preferentially in the IL phase (KH2O-IL values between 0.07 and 0.30), whereas the 
products formed by the hydrogenation of CO2 are more soluble in the aqueous phase (KH2O-IL 
values between 2.00 and 3.00).  
When dimethylamine was used as a base, conversions higher than 60 % were 
achieved at 120 °C and 60 bar in the presence of water and [RuCl2(dppe)2] as a catalyst, being 
the selectivity to formamide and formate 35 % and 25 %, respectively. Water deters the 
dehydration step, and it should not be present in the reaction medium when DMF is the desired 
product. For this reason, some experiments were carried out using water only for product 
extraction, achieving DMF yields of around 65 %. 
According to previous observations, longer chain amines such as diethylamine, 
diisopropylamine or triethylamine were used as a bases in order to promote the generation of 
formate species. These reactions were carried out at 70 °C in the presence of water. Single 
batch experiments with [RuCl2(dppe)2] showed similar productivities for HNEt2, HNiPr2, 
NEt3: yields of 82 %, 78 % and 72 % were achieved with HNEt2, HNiPr2, NEt3, respectively, 
at 90 bar for 2 h. Nevertheless, different trends were observed in the [RuCl2(dppe)2] 
recyclability test. Whereas the recyclability study with HNiPr2 showed a constant productivity 
and stability over the different cycles, when HNEt2 and NEt3 were used as a base, the catalyst 
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stability exhibited a drastic decrease after the second-third cycle, leading to a drop of 
productivity and a huge generation of bicarbonate.  
Owing to the excellent hydrogenation ability of a new Ru-complex bearing a 
tridentate triphos ligand, [Ru(tmm)(triphos)], it was also tested as a catalyst. Single 
experiments with [Ru(tmm)(triphos)] led to higher productivities than [RuCl2(dppe)2] under 
the same conditions, e.g. with HNiPr2 as the base, a TON of 1750 and 790 were achieved with 
0.05 Mol.% of the tridentate and bidentate ligands, respectively. Moreover, in contrast to 
[RuCl2(dppe)2], the recyclization experiments with [Ru(tmm)(triphos)] showed a constant 
productivity after several cycles with both HNiPr2 and NEt3, without any bicarbonate 
formation. These results indicate that this complex is more stable than the one with dppe.  
After optimizing the formate production in the water/IL system, a further system 
enhancement was conceived. Despite the suitable behavior of ionic liquids for the catalyst 
immobilization in the “small-scale” biphasic system, their high price reduces the 
attractiveness of the process. For this reason, [OMIM]NTf2 was replaced by 4-methyl-2-
pentanol (MIBC) as the catalytic phase. The Ru-complexes used before were also soluble in 
this organic solvent and the partition coefficient of the products between the water and MIBC 
were as favorable as in the system with the ionic liquid. Single batch experiments with 
[RuCl2(dppe)2] led to formate yields of 87 %, 70 % and 72 % for HNEt2, HNiPr2, NEt3, 
respectively. Unlike the recycling experiments of [RuCl2(dppe)2] in IL, the new system 
showed a high stability when HNEt2 was used as a base at 70 °C and 60 bar, leading to a 
constant productivity during several cycles with yields to formate higher than 70 % and a total 
TON of 2100.  
In order to study the effectiveness of the system on a larger scale, the combination 
water/MIBC with diethylamine as a base was tested again semi-continuously in a 100 mL 
reactor at 60 bar and 70 °C. A trial with 0.05 Mol.-% of [RuCl2(dppe)2] was performed only 
for 4 cycles due to a dramatic productivity drop and a huge increase of bicarbonate generation 
after the 3rd run, leading to a total TON of approx. 6000. On the contrary, the same experiment 
with 0.04 Mol.-% of [Ru(tmm)(triphos)] could be carried out for 7 cycles, and a total TON of 
10200 was achieved. Although a slight decrease of productivity was noticed after the 3rd cycle, 
no huge increment of bicarbonate was observed until the 6th and 7th cycles, showing a higher 
stability than the complex with the bidentate ligand. Several ICP-OES analyses of both 
experiments indicated that the lower stability observed with [RuCl2(dppe)2] in the fourth cycle 
could be caused by a loss of catalyst due to a high leaching in the water phase. 
180 
 
 
Finally, this biphasic system was performed in a continuous-flow process at the 
technical university of Dortmund. Using [RuCl2(dppe)2] as a catalyst and MIBC as a  
stationary phase, the reaction was carried out continuously for 8 h in a 2 L reactor at 70  °C 
and 45 bar. The product was collected with water phase and subsequently separated from the 
catalytic phase. After separation, the formate was isolated and the amount of product obtained 
was used to calculate the productivity of the 8 h continuous experiment, resulting in a total 
TON of 2400. 
The hydrogenation of CO2 in the presence of secondary amines results in the 
formation of different formic acid derivatives such as formamides and formate adducts. In this 
research, it could be proved that, depending on the reactions conditions, the selectivity of the 
reaction can be controlled towards the desired product. Moreover, these products can be 
synthesized with Ru-complexes and efficiently separated from the catalytic phase. Indeed, the 
effectiveness of both, a biphasic system scCO2/IL for the continuous production of 
dimethylformamide and a new biphasic system H2O/IL or H2O/MIBC for the continuous 
production of formic acid adducts, was successfully demonstrated.  
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